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Hydrogen generation rate from the hydrolysis of AB: different Ru, Co based catalysts.
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Abstract: Bimetallic RuCo nanoparticles (NPs) were succdigstieposited on the
highly porous and hydrothermally stable nanofibraugtal-organic framework
MIL-96(Al) by using a simple liquid impregnationrategy, and the powder XRD,
FT-IR, BET, TEM, EDX, ICP-AES and XPS were employed characterize the
structure, size, composition and loading metaltedecc states of the RuCo@MIL-96
catalysts. The catalytic property of RuCo@MIL-96 fiydrogen generation from the
hydrolysis of ammonia borane (AB) at room tempemtwas investigated. The
results show that RCo,@MIL-96 exhibits much enhanced catalytic activity
compared with monometallic Ru, Co counterpartsiloggland RuCo NPs due to the
uniform distribution of metal NPs and synergetifeef between Ru and Co particles
as well as bi-functional effects between RuCo Nt the host of MIL-96. The turn
over frequency (TOF) value of the Rlo,@MIL-96 catalyst is determined to be
320.7 mol H min™ (mol Ru)*, which is higher than most of the reported TOkies
for the same reaction, and the activation energy {€36.0 kJ mal. Moreover, this

catalyst exhibits satisfied durability after fiveyctes for the hydrolytic
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dehydrogenation of ammonia borane.
Keywords. MIL-96 RuCo loading catalysts Ammonia borane Hydrogen

storage

1.Introduction

Hydrogen, producing only water as a byproduct, lbesn considered to be the
most promising carrier for alternative energy aggtions [1]. But for the
development of hydrogen energy economy, searcluingdfe and efficient hydrogen
storage materials remains one of the most chatlgnigarriers [2]. Various hydrogen
storage approaches are currently being investigatetuding metal hydrides [3],
sorbent materials [4], and chemical hydride systdBljs Among the chemical
hydrides, ammonia borane (MBHs3;, denoted as AB) appears to be an appropriate
hydrogen storage material because of its high lgair@ontent of 19.6wt%, excellent
stability under ambient conditions, and environraérdenign [6]. The release of
hydrogen from AB can be obtained through thermaldeogenation in the solid state
[7], hydrolysis [8] or methanolysis in solution [9)Vith an appropriate catalyst, the
hydrolysis of AB can release as much as 3 mol afréiyen per mol of AB. The

catalytic hydrolysis reaction can be briefly exgess as follows [10]:
NH,BH, +2H,0 0 #*f . NH,BO, +3H,

Heterogeneous catalysts containing noble metal é{Psbited good catalytic
property toward AB hydrolysis, with ruthenium NPsneidered as one of the most
effective catalysts in the system [11]. HoweveEe thidespread utilization of noble
metal-based catalysts was hindered by their highepand limited abundance.
Bimetallic NPs consisting of noble metal and inengee first-row transition metal
have exhibited good catalytic performance in maieldé mainly due to the
synergistic interactions between two or three diifé metals [12-14]. On the other
hand, due to the high specific surface area andblenpore size, metal-organic
frameworks (MOFs) have attracted growing attentionthe application of gas

sorption and storage [15], drug delivery [16], amdlecular separation [17]. The



metal NPs anchored by MOFs are expected to imptbgecatalytic activity and
stability, since MOFs with confined pores and dasitcould control the growth and
dispersion of metal NPs and restrain the migrasind aggregation of metal NPs. Up
to now, a series of metal NPs@MOFs catalysts wested for hydrolytic
dehydrogenation of AB, such as Ru@MIL-101 [18], AI@® 101 [19], Ru@
MIL-96(Al) [20], RhNi@ ZIF-8 [21], RuCuCo@MIL-10114], CuCo@MIL-101 [22]
and so on. Therefore, developing a facile one-siafe to construct the bimetallic or
trimetallic NPs in MIL-96 with high catalytic aciiies is highly desirable.

Herein, for the first time, the catalyst of bimétaRuCo NPs immobilized in
MIL-96(Al) has been successfully synthesized. Fomparison with the RuCo@
MIL-96 catalytic activities for hydrolysis of AB abom temperature, monometallic
Ru, Co counterparts loadings and RuCo NPs were @ispared. The structure,
morphology, size and composition of the catalysts different metal NPs loadings
were discussed in detail, and then investigatedlydat activity, durable stability of
various catalysts and the influence factors. Initamtd the activation energy (Ea) for

the hydrolysis reaction has been measured by difféaemperature experiment.

2. Material and methods

2.1. Reagents and Chemicals

Aluminum nitrate nonahydrate, 1,3,5-benzenetricayho acid (Hsbtc), N,N-
dimethylformamide (DMF), ruthenium chloride hydrateobalt chloride hexahydrate,
sodium borohydride were purchased from Sinopharran@tal Reagent Co., Ltd..
Ammonia borane (AB) was obtained from Energy Chamigll chemicals employed
were of analytical grade and used without furthenifization. Additionally, we used

de-ionized water as the reaction solvent.

2.2. Synthesis of MIL-96(Al)

MIL-96(Al) was hydrothermally synthesized to follawe reported method [23].
Typically, Hgbtc (208 mg), AI(NQ)s:9H,O (460 mg) and de-ionized water (7 mL)
were placed in a 40 mL Teflon-liner autoclave amathd at 210C for 12 h. After

natural cooling, the suspension was filtered offstparate the white powder of



MIL-96(Al) with formula Al;,0(OH)g(H20)3(Al2(OH)s)[btcle: 24H0 and then
further purified by solvothermal treatment in DME1®0 [J for 5 h. The separated
resulting solid was refluxed overnight in a suspemef water at 100! for 12 h and
immediately filtered. The resulting white solid wésally dried overnight in the
vacuum oven at 80for further use.

The structure description of MIL-96(Al) phase agarhed from published papers
[23], which exhibits a 3D framework resulting frothe connection of aluminium
octameric clusters linked through the trimesate)(ligand. An inorganic part consists
of a 2D network containing chains of aluminum AOH), and AIQ,(OH), octahedra,
interconnected with each other to generate a hexedd®-membered ring in tha,b)
plane have been found in the MIL-96 framework (Flg. The cohesion of the
structure is ensured by the connection of the eared trinuclear aluminum units
with the 2D network of aluminum octahedra throupk trimesate molecules. The
structure fully proves that MIL-96 has the charast& of porous, which provides the

possibility for the load of RuCo NPs.
2.3. Synthesis of Ru;Co;@MIL-96 and other catalysts

The RyCo,@MIL-96 catalyst was synthesized as follows: 200 ohdVIL-96
(Al) was added to a flask containing 30 mL of deixed water. Ultrasonication was
required to get a uniform dispersion. Next, 10 miOR solution (0.01 mol-t ) and
10 mL CoC}-6H,0 solution (0.01 mol-t ) was added into the flask under magnetic
stirring for 5 h. Then, 10 mL aqueous solution @&B¥, (50 mg) was added to this
mixture and the resulting solution was stirred @m temperature for 5 h. The
product was collected through filtration and driedhe vacuum oven at 80 for 12h
to obtain the RiICo,@MIL-96 catalyst.

In order to compare the catalytic activity, the ganations of the RCoys@
MIL-96, RuCo,@MIL-96 and RyCoz;@MIL-96 are following the above analogous
process. During the synthesis of mono-metal Ru@BBL-Co@MIL-96 and pure
RuCoNPs catalysts, the amounts of Ru and Co were densiwith that of RuCo,@
MIL-96. In a typical synthesis of Co@MIL-96, 200 rwjL-96 and 10 mL 0.01 mol



L™ CoCh-6H,0 were diluted in 30 mL of de-ionized water. Théution was then
introduced to a flask which contained 50 mg of NaB¥kh vigorous stirring. And
RuCo NPs was prepared as follows: 0.25 mL 0.01 IffdRuCkand 0.25 mL 0.01
mol- L' CoC} solution were added to a flask containing 30 mldefionized water.
Ultrasonication was required for 20 min to get afarm dispersion, and then an
aqueous solution of 10 mL 0.013 mof: NaBH, was added to this mixture followed
by magnetic stirring for 5 h. The product was acie through filtration, washed
with de-ionized water and ethanol for three timasg dried at 801 overnight in a

vacuum oven for further use.

2.4. Hydrolytic dehydrogenation of ammonia borane

The catalytic activity of RuCo@MIL-96 in the hydysis of AB was determined
by measuring the rate of hydrogen generation. Hperement was conducted in a
two-necked round bottom flask contain a mixturé& eohg RuCo@MIL-96 and 10 mL
de-ionized water. One neck was connected to a ymessjualization funnel to
introduce 10 mL aqueous solution of pBH3 (18.5 mg, 0.6 mmol) and the other neck
was connected to a gas burette to monitor the wlainthe gas evolution. The
reaction started when the aqueous solution wasdatdd#he catalyst, and the volume
of the generated hydrogen gas was recorded byishtadement level of water in the
burette at a certain time interval (30 s). A wditath was used to control the reaction
temperature at 25. In different Ru/Co molar ratio composites, 5 migRu;Coy
@MIL-96 (x=0, 0.5, 1, 2, 3) catalysts were employedthe hydrolysis of ammonia
borane.

In order to get the activation energy (Ea) of tlgdrblytic reaction, 18.5 mg AB
was hydrolyzed with 5mg RGo,@MIL-96 at different temperatures (25, 30, 35 and
40 C).

The durability of RyCo,@MIL-96 catalyst in the hydrolysis of AB was
evaluated by performing the recyclability testgsaim temperature. In a typical test,
10 mL of RyCo,@MIL-96 (5 mg) suspension solution and 18.5 mg AB (nl, 0.6

mmol) were added into the reaction flask af(2%nd the evolution of gas was



measured as described above. After the hydrolgsistion was completed, another
equivalent of AB (18.5mg) was subsequently added the reaction flask. The
evolution of gas was monitored by using the gagtbewr The tests were repeated five
times at room temperature. After the tests, thalystls were separated from the
reaction solution by centrifugation and washed wititer for several times and dried
in the vacuum oven at 80.

In a typical reusability test, 18.5 mg AB (10 mL6Gnmol) was added to 10 mL
of RuCo,@MIL-96 (5 mg) suspension solution, the evolutidrgas was monitored
as described above. After the hydrolysis reactioras wcompleted, the
RuCo,@MIL-96 catalyst was isolated and redispersed imilOde-ionized water.
Then, 18.5 mg AB (10 mL, 0.6 mmol) was added irtte teaction flask for a
subsequently run of hydrolysis at25

The maximum productivity of RCo;@MIL-96 catalyst in the hydrolysis of AB
was determined by measuring the turnover number\(T@oles of H/moles of
catalyst). In a typical test, 10 mL of Rio;@MIL-96 (5 mg) suspension solution and
10 mL AB (18.5 mg) were added into the reactiosKlat 251, and the evolution of
gas was measured as described above. Once commphetersion is achieved, another
equivalent of AB was added and the reaction wagirmoed until no hydrogen gas

evolution was observed.

2.5.Catalyst characterization

The morphologies and composition of the samplessvedrserved by using a
Tecnai G20 U-Twin transmission electron microscqp&M) equipped with an
energy dispersive X-ray detector (EDX) at an agedilen voltage of 200 kV. Powder
X-ray diffraction (XRD) patterns were measured byBauker D8-Advance X-ray
diffractometer using Cu & radiation sourcer0.154178 nm) with a velocity of 10°
min™ to identify the phase purity and crystallinity.Ufier transform infrared (FT-IR)
spectroscopic experiment was carried out on a Bigdladison, WI, USA) Impact
420 apparatus to determine the structure of MIL-BBe electronic states of the

as-synthesized samples were investigated by X{nayoglectron spectroscopy (XPS,



Thermo ESCALAB 250Xi). The metal loadings of catibywere determined by an
IRIS Intrepid IIXSP inductively coupling plasma-at@ emission spectrometer (ICP-
AES). The surface area measurements were perfonitiedN, adsorption-desorption

isotherms obtained at 77 K using a Micromeritice¥®32020 instrument.

3. Results and discussion

The XRD patterns of the as-prepared MIL-96, Ru@Ma,- Co@MIL-96,
RuCo,@MIL-96 and RyCo,@MIL-96 after the fifth run catalysts are illusedtin
Fig. 2A, respectively. It can be seen that the Xpd&dtern of MIL-96 is in good
agreement with the previously reported one [23]nficming that MIL-96 is
successfully synthesized. The patterns of Ru@ ML-Lo@MIL-96 and
RuCo,@MIL-96 samples are matched with those of the Mikt96, indicating that
the integrity of the MIL-96 framework is maintainedell during the catalyst
preparation and catalytic process. However, theedse in intensity of peaks as
compared with MIL-96 can be explained by the chanigehe charge distribution and
electrostatic fields as a result of the existenteRoCo NPs on the surface and
interaction of their electrophilic surface with fmawork atoms [24]. Additionally, the
diffraction peaks corresponding to the Ru and/orNRs were indicated in Fig. 2B,
the weak intensities were probably as a resulbwfmetal loading or the amorphous
phases of Ru and Co NPs [25]. Moreover, Fig.2C shibw diffraction peaks of Ru at
around 44.1° in the RuU@MIL-96 catalyst. Howevee peak of Ru shifts slightly to
higher @ values from 44.1° to 44.7° in RDo@MIL-96 compared to Ru@MIL-96,
that indicates the incorporation of small Co atante Ru lattice results in a lattice
contraction [26]. The above results show that Ru@ltoys are formed in
RuCo,@MIL-96 catalyst rather than a physical mixturarafividual metal NPs [27].
Based on the formation of RuCo alloy NPs, posigyaergistic effect among noble
metal Ru and non-noble metal Co could be achieted,leads to the highly catalytic
activity for catalytic hydrolysis of AB.

The X-ray photoelectron spectroscopy (XPS) was eymul to demonstrate

metallic electronic states in the R1o,@MIL-96 catalyst. Fig. 3a shows the survey



scan X-ray photoelectron spectra of as-prepareC&@MIL-96 catalyst. It can be
seen that the main absorptions belong to C 1s,(R&3 3p, Co 2p, and O 1s. Due to
the strong overlap of the C 1s and Ru 3d peaksndr@84.7 eV, it is very difficult to
analyze this region for ruthenium properly. Fig. Siows the absorptions located at
462.0 and 485.1 eV for Ru gpand Ru 3p. , respectively, are readily assigned to the
Ru(0) [28] . In Fig. 3c, the peak of Co 2p revdalsr peaks at 797.8 and 803.6 eV for
Co(ll) 2py2 , 781.6 and 786.3 eV for Co(ll) 2p[29-31]. The two weak peaks at
777.9 and 793.0 eV are attributed to Co(0)22pnd Co(0) 2p-[22]. These results
indicate that Ru is stable in the catalyst, whef@asnay be oxidized to certain degree
during the synthesis of the Rio,@MIL-96 catalyst.

The morphologies, particles dispersed state ansexle composition of RuCo
NPs loaded on MIL-96 were further characterized'BEyyl and EDX techniques. Fig.
4 shows the TEM images of the as-synthesized éat)used (c,d) RCo,@MIL-96,
in which the lattice fringes can be clearly obsdraed there are many small particles
loaded on the crystal surface. Fig. 4a, c and4#hgd are the low and high resolution
TEM images of the RICo,@MIL-96 sample, respectively. From Fig. 4a,b, it ¢z
seen that the MIL-96 displays a nanofibrous morpgplwith a width of 5~10 nm
and length of 100~200 nm, and most RuCo NPs withaarow particle size
distribution are uniformly dispersed on the surfack MIL-96. Particle size
distribution of Ru@MIL-96 and Co@MIL-96 were shownFig. 4g,h, it can be seen
that the mean particle diameter of Ru in the Ru@9BLand Co in Co@MIL-96
were about 2.3+0.3nm and 6.7+£0.3nm, respectiveiye fhean particle diameter of
RuCo patrticles of as-preparedRo,@ MIL-96 was about 1.7 nm (Fig. 4e), and the
standard deviation was determined to be 0.3nm,ewthié diameter of pore of the
support MIL-96 was about 1.66 nm, resulting in mostRuCo NPs locate at the
external surface of the crystal. However, it contd preclude that there are still some
smaller RuCo NPs (<1.66 nm) embedded within thenéw&orks, these NPs difficult
to be identified by TEM imaging. And no significaaggregate is formed, which is the
basis for high performance of the catalyst, propdi@cause the MIL-96 structures

offer steric restrictions that strengthen the sgistic reaction between Co and Ru



NPs on the surface of MIL-96. In Fig. 4(c,d), aftiee catalytic cycles, it can be seen
that the RuCo,@MIL-96 catalyst still remains the structure of ¥#_-96 and shows
an excellent stability, and a number of NPs arel wepersed on the surface of
MIL-96. The patrticle size distribution of the Rio;@MIL-96 catalyst after the fifth
run was shown in Fig. 4i, the mean particle diamated the standard deviation of
RuCo patrticles of was about 1.9+0.3nm. From Figth® particle size distribution of
RuCo,@MIL-96 after the fifth run almost keeps unchangeepared with that of
the as-prepared ROo,@MIL-96. In order to further confirm the presendeRuCo
NPs, the EDX spectrum was measured, see Fig. 4fedwer, the actual RuCo
loading effect and ratio of the metals Ru, Co inCR@MIL-96 catalysts were
measured by ICP-AES, as shown in Tabl&He results show that the actual ratios of
Ru:Co is almost similar to the precursor ratios, 1:@5,1:1,1:2,1:3 in the RGo@
MIL-96 (x=0,0.5,1,2,3) catalysts. And the Co conseare obviously lower than its
initial additive amount in all sample$his is probably because Bucan be readily
reduced to Ru by NaBH, but it is difficult to reduce Cd to Co due to the lower
reduction potentials of G8Co (reduction potentials: "BRU**/Ru)=+0.40 eV
E®(Co*/Co)= -0.28 eV). In the RCo,@ MIL-96 catalyst, the actual loadings of Ru
and Co are 2.07 and 1.19 wt%, respectively.

From Fig. 5(a,b), the specific surface areas estichrom the N adsorption-
desorption isotherms of MIL-96(Al) support and Heeprepared RCo,@MIL-96(Al)
were 443.6 rfig and 205.4 m2/g, respectively, further confirmthg highly porous
structure of MIL-96 support. Resulted from the pmatructure, the surface area of
MIL-96(Al) is much higher than that of RGo;@MIL-96, the significant decrease in
the surface area of RDo,@MIL-96 indicates that the cavities of MIL-96(Alyea
either occupied or blocked by the well-disperse€&WNPs. Fig. 5(c) shows the pore
size of MIL-96 and RiCo,@MIL-96. The pore volume of MIL-96 was determined t
be 0.094 crh g*, and its pore size was calculated to be 1.66 noweler, after the
loading of RuCo NPs, the pore volume of MIL-96 @ssred to 0.051 chg?, and the
corresponding pore size from 1.66 to 1.08 nm. Basaon for this phenomenon is that

the relatively small size RuCo alloy NPs occupiedlocked the cavities of MIL-96



and the big size alloy NPs mainly deposited onsindace of MIL-96, that directly
lead to a decrease in the pore volume and pore size

The functional groups of MIL-96 and MIL-96 suppattdRuCo NPs were
investigated by FT-IR, as shown in Fig. 6. It cansken that the intensity and position
of FT-IR peaks of RiICo,@MIL-96 after the fifth run show no obvious change
compared to that of MIL-96 and initial Rbo,@MIL-96 catalyst, indicating that the
crystalline structure of the host of MIL-96 is uadged, that provides favorable
conditions for RuCo NPs effectively immobilized time framework of MIL-96 after
the catalytic cycles.

The catalytic properties of the as-obtained Ru@Igil,.- Co@MIL-96 and
RuwCo@MIL-96 samples were systematically evaluated ine tltatalytic
hydrogenation of AB at room temperature. Fig. 7vahdhat the RiCo,@MIL-96
exhibits the highest activity compared with monaaiet Ru@MIL-96 and Co@
MIL-96. Furthermore, the same amount of RuCo NEsiced by NaBhk without the
support MIL-96(Al) also is applied to hydrolysis AB, only 31 mL B were released
for more than 15 min, and MIL-96 almost no activiBeasonably, the RGo,@
MIL-96 remarkably high catalytic activity is firsdttributed to the synergetic effect
between Ru and Co alloy NPs. For alloy NPs, syhiergdfects may be mainly
ascribed to electronic effects, which are importarten the metal atoms have
significant differences in electronegativity [32lhd geometric effects. In the present
case, the observed synergetic effects in catatygjht be mainly due to the electronic
effects, not the geometric effects, because theadiy of electronegativitie, Ru (2.3)
and Co(1.88), is prominent. Additionally, the bnftional effects between RuCo
alloy NPs and MIL-96 are significantly enhanced tkaction activity of RiCo,@
MIL-96 catalyst, in which MIL-96 can provide a go8® framework for RuCo NPs
in spite of it does not involved in the hydrolyseaction of AB. By calculating, the
turn over frequency (TOF) value of Kio;@MIL-96 is determined to be 320.7 mol
H, mint (mol Ru)* , which is higher than most Ru-based catalysts eyorted for
the catalytic hydrolysis of AB (Table 2).

For a comprehensive elucidation of the catalytiivag of the RuCo@MIL-96



catalytic architecture towards hydrolytic dehydnogggon of AB, we followed a
systematic approach, where the single-componenpleanRu@MIL-96 and Co@
MIL-96 catalytic performance were studied in adufitito binary combinations of
these subcomponents, namely;Bo s@MIL-96, RuCo,@MIL-96, RuCo,@MIL
-96 and RyCoz@MIL-96 (Fig. 8a). Evidently, RiCo,@MIL-96 catalyst provides the
highest activity compared to all other investigatadalysts. By changing the molar
ratio of Ru to Co, the reaction rate increasedrat &nd then decreases, as shown in
Fig. 8b. The observed “volcano”- type activity betRuCo@MIL-96 catalysts versus
Ru/Co molar indicates that neither Ru nor Co hamugh activity for catalyzing the
hydrolytic dehydrogenation of AB at complete corsi@n. This phenomenon may
relevant to catalytic mechanism of the RuCo@MIL&alysts for the hydrolysis
reaction of AB. To the best of our knowledge, tletehogeneous catalytic reaction
takes place on the surface area of the metal satplg]. The mechanism involves
two steps. Firstly, AB interacts with the surfaceRuCo alloy NPs to form the
activated transient Metal-H, which is the preredeir the hydrolysis reaction. Then,
H, was released after the attack of water on the IMtspecies [46,47]. With the
increasing loading of Co, and RuCo alloy NPs wengoumly dispersed on the
surface of the MIL-96, that caused an increasé&éncontact area between metal NPs
and AB as well as the number of active sites whi activated transient Metal-H.
Therefore, based on the increasing contact areaadtivated transient Metal-H and
the synergistic catalysis effect of alloying Rulw@o in the RuCo@MIL-96 catalyst,
the catalytic activity obviously enhanced with timerease Ru:Co ratio 1:0.5,1:1.
However, more Co loading would result in the exagsgerage of Ru active sites [48],
or the reactant bound to the catalyst surface toangly, that would occupy all
available surface sites and poison the catalys}, [@&®using the lower activity for
hydrogen generation from the hydrolysis of AB.

In comparison with the case of the monometallic RUG96 and Co@MIL-96
catalyst, all the hydrogen generation rate and ymtidty were recorded in Fig.8c, it
is obvious that Co@MIL-96 almost have no catal@ativity toward hydrolysis of

AB, and with the same amount of Ru, monometallialgat Ru@MIL-96 has much



inferior catalytic activity than that of RGo,@MIL-96. As can be seen from Fig. 8d,
when the molar ratio of Ru to Co contained the samthat of RCo;@MIL-96, the
catalytic performance of the mixture of monometatlounterparts Ru@MIL-96 and
Co@MIL-96 is obviously inferior to that of the RUo,@MIL-96 catalyst. The result
fully confirms the strong synergistic effects amamgple metal Ru and non-noble
metal Co. Moreover, the catalytic activity of o,@MIL-96 is superior to that of
pure RuCo NPs, which demonstrates the bi-functi@fi@cts between RuCo alloy
NPs and the host of MIL-96 in the process of hyghisl of AB.

In order to get the activation energy (Ea) of thB Aydrolysis catalyzed by
RuCo,@MIL-96, the hydrolytic experiments at differentriperatures ranged from
25 to 4007 were carried out. Fig. 9a shows that the hydrolsdtes increase with the
increase of reaction temperature, and the valuesai constant k at different
temperature are calculated from the slope of theali part of each plot. The
Arrhenius plot of Ink vs. 1/T for the catalyst ifoted in Fig. 9b, from which the
apparent activation energy (Ea) is determined tagmroximately 36.0 kJ/mol for AB.
Although this value is higher than that reporteddeveral Ru-based catalysts (Table
2), it is lower than most of the reported activatemergy values for the same reaction
using many different catalysts even with some noidtal containing catalysts,
indicating that the as-obtained o, @MIL-96 catalyst is very promising candidates
for the hydrolysis of AB.

The durability research is the key point for thagtical application of catalysts.
Fig. 10a shows that the REo,@MIL-96 catalyst still exhibits excellent catalytic
activity after multiple cycles of reaction. Fig.ld8hows the conversion of AB and the
retained percent catalytic activity in the subsequatalytic runs for the hydrolysis of
AB. The as-synthesized RTo,@MIL-96 catalyst retains about 90.5% of its initial
catalytic activity toward hydrolysis of AB afterd@tsecond run and the following three
times are 83.6%, 75.7% and 69.7%, respectively.ré&l leaching in different uses
were determined to be 6.30%, 9.99%, 12.44%, 14.34b 16.02%, respectively
(Table 3). The high durability of the catalyst slibbe attributed to the fact that the

crystalline structure of the catalyst is mostly hiaeged and the ultrafine RuCo alloy



NPs still have been effectively immobilized in tihemework of MIL-96 through the
catalytic cycles. The representative TEM image ofG,@ MIL-96 catalyst after the
fifth durability test is shown in Fig. 4c,d. Theie no obvious change in the
morphology of the catalyst and metal NPs still hawod load, confirming that
MIL-96 can stabilize RuCo NPs for good durabilitydaconfinement effect. Therefore,
the decrease of the catalytic activity might besealby the increasing viscosity of the
reaction solution and/or the deactivation effect tbe increasing metaborate
concentration during the hydrolysis of AB as wedlthe Ru and Co metal leaching
[18,50]. From Fig. 10c, it can be seen thati®&u@MIL-96 also shows high
reusability during five runs. The life-time of tloatalyst in the AB hydrolysis was
determined by calculating the TON, in which the amnatatio of ammonia borane vs
catalyst was controlled more than 50,000. Fig. 18ftbws the variation of TON
versus time during the hydrolysis of AB, from whicke can see that the
RuCo@MIL-96 catalyst has 30400 turnovers in the hydsiyof AB at 25C
before deactivated. Based on the observations aiowd&ryCo,@MIL-96 catalyst is
highly stable toward the hydrolytic dehydrogenaid®\B.

4. Conclusion

In summary, the RuCo alloy NPs supported on MILR@&e been designed and
successfully prepared. The obtained ®y@MIL-96 nanocatalysts exhibit excellent
catalytic activity and durability for hydrolytic dgdrogenation of aqueous AB at
room temperature, owing to its strong bimetallicnexgistic effects, uniform
dispersion of NPs on the surface of MIL-96 andumédtional effects between RuCo
alloy NPs and the host of MIL-96. The activatioreryy (Ea) and turn over frequency
(TOF) are determined to be 36.0 kJ/mol and 320.7 hwwmin*(mol Ru)® ,
respectively. In addition, this simple syntheticthoel can be easily extended to facile
preparation other MOFs supported metal NPs. Mongowvmre non-noble metal
component in the catalyst not only improves thalgtt activity, but also reduces the
cost which is the key to building a sustainableadigyment of industry in the future.

The superior catalytic performance of the RuCo@M@.-makes it an ideal catalyst



for hydrolysis of AB using as a highly efficientnpable hydrogen storage material.
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Table 1 - Elemental analysis of Ru;Co,@MIL-96 catalysts determined by ICP-AES.

Table 2 - Various catalyst systems tested in the hydrolysis of ammonia borane at room
temperature.

Table 3 - The metal leaching of Ru;Co;@MIL-96 (5 mg) in the subsequent runs of the hydrolysis
of ammonia borane.



catalysts Ru;Coq Ru;Cogs Ru;Co, Ru;Co, Ru;Cos
Precursor ratios Ru:Co 1:0 1:05 11 1:2 1:3
Actual ratios Ru:Co 1.0 1.047 1:0.99 1:1.93 1:2.78
Actual loading of Ru wt% 1.88 1.99 2.07 2.05 191
Actual loading of Co wt% 0 0.55 1.19 231 3.09

Tablel



Catalys RWAB or TO_Iia(moI_ Hf Ea . Ref.
Metal/AB(mol/moal) mol ™M min™) (kI mol™)
Ru/C 0.004(Ru/AB) 429.5 34.81 [33]
Pd@Col/graphene 0.02(Metal/AB) 408.9 - [34]
Ru@Ni/graphene 0.004(Ru/AB) 339.5 36.59 [35]
RU(0)@MWCNTs 0.0019(RUW/AB) 329 33 [36]
RuCo@MIL-96 0.0017(Ru/AB) 320.7 36.0 This study
Ru(0)/TiO, 0.005(Ru/AB) 241 70 [37]
RuCu/graphene 0.004(Ru/AB) 135 30.39 [38]
2wt.% Pt/C 0.018(Metal/AB) 111 - [39]
NiAgPd/C 0.012(Metal/AB) 93.8 38.36 [40]
RU@AI,0; 0.005(RWAB) 83.3 48 [41]
Ru/y-Al,04 0.009(RWAB) 77 23 [42]
NiCo,0, 0.0083(Metal/AB) 50.1 17.5 [43]
CuysPd,s/RGO 0.003(Metal/AB) 29.9 45.9 [44]
Pt black 0.018(Metal/AB) 13.89 - [39]

4TOF values were taken directly from the related articles if they were reported. If not, the initial
TOF vaues were calculated from the corresponding hydrogen generation versus time graphs

presented in the article.

Table2



Run Ru leaching (mg) Co leaching (mg) Metal leaching (%)
1 0.0060 0.0043 6.30
2 0.0102 0.0061 9.99
3 0.0131 0.0072 12.44
4 0.0155 0.0079 14.34
5 0.0176 0.0085 16.02

Table 3



Figure captions:

Fig. 1. View of the corrugated chainsin MIL-96.

Fig. 2. Low-angle (A), wide-angle (B) and the magnified Ru (C) powder XRD patterns of samples:
(a) MIL-96; (b) RU@MIL-96; (c) Co@MIL-96; (d) Ru;Co,@MIL-96; (€) Ru;Co,@MIL-96 after
thefifth run.

Fig. 3. XPS spectra of Ru;Co;@MIL-96: () as-prepared; (b) Ru 3p; (c) Co 2p.

Fig. 4. TEM images of (a-b) as-prepared Ru;Co,@MIL-96; (c-d) Ru;Co,@MIL-96 after the fifth
run; particle size distribution of () as-prepared Ru;Co;@MIL-96; (f) EDX spectrum of Ru;Co,@
MIL-96; particle size distribution of (g) Ru@MIL-96; (h) Co@MIL-96; (i) Ru;Co;@MIL-96 after
thefifth run.

Fig. 5. N2 sorption isotherms of (a) MIL-96 and (b) as-prepared Ru;Co; @MIL-96; (c) pore size
distribution of MIL-96 and Ru;Co;@MIL-96.

Fig. 6. FT-IR of (a) MIL-96; (b) initiadl Ru;Co,@MIL-96; (c) Ru;Co,@MIL-96 after the fifth run.
Fig. 7. Hydrogen generation from the hydrolysis of AB catalyzed by MIL-96, Ru@MIL-96,
Co@MIL-96, Ru;Co,@MIL-96 and RuCo NPs (5mg catalysts, 18.5mg AB at 2501).

Fig. 8. (a) Hydrogen generation rate from the hydrolysis of AB catalyzed by different Ru, Co
based catalysts; (b) the plot of hydrogen generation rate versus Co molar ratio for the hydrolytic
dehydrogenation of AB; (c) hydrogen generation rate from the hydrolysis of AB catalyzed by
Ru@MIL-96, Co@MIL-96 and Ru;Co,@MIL-96; (d) hydrogen generation rate from the
hydrolysis of AB in the presence of Ru;Co;@MIL-96, RuCo NPs or the physical mixture of
Ru@MIL-96+Co@ MIL-96 (5mg catalysts, 18.5mg AB at 2507).

Fig. 9. (@) Temperature effects on hydrogen generation rate catalyzed by Ru;Co;@MIL-96 from
AB hydrolysis (5mg catalysts, 18.5mg AB) in the range of 25-4001 and (b) Arrhenius plot
obtained from temperature effects.

Fig. 10. (a) Durability of the Ru;Co;@MIL-96 catalyst from 1st to 5th cycles; (b) percentage of
initial catalytic activity of Ru;Co;@MIL-96 in successive runs for the hydrolysis of AB; (c) The
plot of mol H, per mol AB versus time for hydrolysis of AB in the presence of Ru;Co;@MIL-96
during afive-cycle reusability test; (5mg catalysts, 18.5mg AB at 25°C) (d) The turnover number

(TON) versustime plot for Ru;Co;@MIL-96.
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Highlights

® RuCo@MIL-96 catalyst was synthesized and applied to the catalytic
hydrolysis of AB.

® Ru;Co,@MIL-96 exhibits an excellent catalytic performance for the
hydrolysis of AB.

® High catalytic activity owes to bimetallic synergistic and bi-functional
effects.

® RuCo@MIL-96 catalyst is a promising candidate using as hydrogen

storage material.



