
Ternary CoAgPd Nanoparticles Confined Inside the Pores
of MIL-101 as Efficient Catalyst for Dehydrogenation of Formic
Acid

Nan Cao1 • Shiyi Tan1 • Wei Luo1,2 • Kai Hu1 • Gongzhen Cheng1

Received: 28 September 2015 / Accepted: 30 November 2015 / Published online: 31 December 2015

� Springer Science+Business Media New York 2015

Abstract Highly dispersed ternary CoAgPd nanoparticles

with different composition have been successfully immo-

bilized on the metal-organic frameworks (MIL-101) by

using a simple liquid impregnation method for the first

time. The molecular scale electronic synergistic effect

between non-noble metal Co and AgPd NPs and the con-

finement effect of MIL-101 are the crucial roles for the

improvement of catalytic performances toward dehydro-

genation of formic acid under mild conditions. The resul-

tant catalysts are composition dependent toward

dehydrogenation of formic acid, while Co9Ag21Pd70@-

MIL-101 exhibits exceedingly high catalytic activity, with

the turnover frequency value of 98 h-1, and 100 %

hydrogen selectivity at 50 �C.

Graphical Abstract Highly dispersed ternary CoAgPd
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MIL-101 by using a simple liquid impregnation method for
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1 Introduction

In recent years, due to the high specific surface area and

tunable pore size, porous metal-organic frameworks

(MOFs) have attracted growing attention in the application

of gas sorption and storage [1, 2], molecular recognition

and separation [3, 4], drug delivery [5] catalysis [6, 7] and

et al. Given the similarity to zeolites, loading metal

nanoparticles (NPs) into the pores of MOFs is expected to

control the limited growth of metal NPs in the confined

cavities, and produce monodisperse NPs, which could

further increase their catalytic activities [8, 9]. However,

up to now, reports about MOFs supported metal NPs are

mainly focused on unitary and binary systems while the

ternary metal NPs supported on MOFs with more obvious

synergistic effect, to the best of our knowledge, has not

been reported yet.
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On the other hand, the safe and efficient storage of

hydrogen is essential for the development of a hydrogen-

based energy infrastructure. For the last few decades, many

carriers were proposed for suitable hydrogen storage,

including metal hydrides [10], sorbent materials [11], and

chemical hydrides [12, 13].Notably, formic acid (FA), a

major product of biomass processing, has attracted con-

siderable attention as a safe and convenient hydrogen

storage material due to its high hydrogen content, non-

toxicity, liquid at room temperature and easy recharging

ability [14]. Hydrogen stored in FA can be released through

a catalytic dehydrogenation way (Eq. 1). However, carbon

monoxide (CO), which is fatal poison to catalysts, gener-

ated from the undesirable dehydrogenation way (Eq. 2)

should be avoided [15]. Recently, much progress in

selective dehydrogenation of FA at remarkable hydrogen

generation rates has been made [16, 17]. Among them, Pd

based noble metal nanocatalysts have attracted much

attentions due to their high catalytic performances. How-

ever, the unitary Pd NPs are prone to deactivation

throughout the adsorption of CO intermediate. Therefore,

many efforts have been developed to increase the CO

resistance and catalytic performance of Pd NPs by alloying

or forming core–shell structure [18–21]. However, large-

scale commercialization is still restricted mainly by their

high costs and low reserves in the earth’s crust. Therefore,

it is highly desirable to reduce or replace Pd based catalysts

by integration of low-cost metals and further increase their

CO resistance and catalytic activity [17, 22–25].

HCOOH ð1Þ ! H2 ðg)þCO2 (g)

DG298K ¼ �35:0KJmol�1 ð1Þ

HCOOH ð1Þ ! H2O (1)þCO (g)

DG298K ¼ �14:9KJmol�1 ð2Þ

Herein, for the first time, ternary CoAgPd NPs have

been successfully immobilized on the pores of MIL-101 by

using a simple impregnation method. Non-noble metal Co

as introduced to form alloy with noble metal Ag and Pd. It

is reported that Co can prevent the primary AgPd NPs from

aggregation [19]. MIL-101, a chromium-based MOF,

Cr3F H2Oð Þ2O O2Cð ÞC6H4 CO2ð Þ½ �3 � nH2O n = 25ð Þ; is an

excellent MOF as the support material because of its extra

high specific surface area, its pore volume, and its high

thermal stability (up to 300 �C) and high stability in water. It
has two hydrophilic mesoporous cavities (2.9 and 3.4 nm)

accessible through two microporous windows of about 1.2

and 1.6 nm in diameter, respectively [26, 27],which can

confined the growth of NPs in the framework. Formate ion,

as a conjugate base of formic acid, is usually added to as a

catalyst promoter for FA dehydrogenation [28–30]. The

formate additive is believed to introduced a favourable

adsorption configuration of FA to accelerate the kinetics of

FA decomposition [30, 31] and/or to act as an active inter-

mediate [32, 33] to facilitate CO productions. In this work,

the ternary NPs catalysts was used for the dehydrogenation

ofHCOOH ? HCOONa in solution.As expected, compared

to their unitary and binary counterparts as well as ternary

CoAgPd NPs on other commercial supported materials, the

resultant Co9Ag21Pd70@MIL-101 NPs exert superior cat-

alytic activity and 100 % hydrogen selectivity toward

dehydrogenation of FA under mild conditions.

2 Experimental

2.1 Chemicals and Materials

All chemicals were commercial and used without further

purification. Chromic nitrate nonahydrate (Cr(NO3)3�9H2O,

Sinopharm Chemical Reagent Co., Ltd., 99 %), Cobalt

chloride hexahydrate (CoCl2�6H2O, Sinopharm Chemical

Reagent Co., Ltd, C99 %), Silver nitrate (AgNO3, AR),

Palladium chloride (PdCl2, Great Wall Reagent Co., Ltd.,

99 %), nickel chloride hexahydrate (NiCl2�6H2O, Sino-

pharmChemicalReagent Co., Ltd.,C99 %), copper chloride

dihydrate (CuCl2�2H2O, Sinopharm Chemical Reagent Co.,

Ltd., C99 %), iron chloride tetrahydrate (FeCl2�4H2O,

Sinopharm Chemical Reagent Co., Ltd., C99 %), Sodium

borohydride (NaBH4, Sinopharm Chemical Reagent Co.,

Ltd., 96 %), Sodium formate (HCOONa�2H2O, Sinopharm

Chemical Reagent Co., Ltd., 99 %), FA (HCOOH, Sigma-

Aldrich, 98 %), Terephthalic acid (HO2CC6H4CO2H,

Sinopharm Chemical Reagent Co., Ltd., 99 %), Acetic acid

(CH3COOH, AR, Sinopharm Chemical Reagent Co., Ltd.),

Ethanol (C2H5OH, Sinopharm Chemical Reagent Co., Ltd.,

[99.8 %) were used as received. We use ordinary distilled

water as the reaction solvent.

2.2 Synthesis of MIL-101

MIL-101 was synthesized using the reported procedure

[34]. Terephthalic acid (332 mg, 2.0 mmol), Cr(NO3)3-
9H2O (800 mg, 2.0 mmol), CH3COOH (1.5 mL) and de-

ionized water (10 mL) were placed in a 50 mL Teflon-liner

autoclave and heated at 200 �C for 8 h. After natural

cooling, the suspension was centrifuged to separate the

green powder of MIL-101 with formula Cr3F H2Oð Þ2O
O2Cð ÞC6H4 CO2ð Þ½ �3�nH2O (n � 25Þ, and then further dis-

persed in ethanol under sonication. The mixture was cen-

trifuged to collect green solid and finally dried overnight at

150 �C under vacuum for further use.
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2.3 Synthesis of H2PdCl4

A solution of tetrachloropalladinic acid (0.05 M, H2PdCl4)

was prepared by mixing 222.5 mg of PdCl2 into 25 mL of

HCl (0.02 M) aqueous solution under stirring at room

temperature until complete dissolution.

2.4 Synthesis of CoAgPd@MIL-101

Activated MIL-101 (100 mg) was mixed with 10 mL de-

ionized water containing 0.2 mmol metal salts (CoCl2,

AgNO3 and H2PdCl4) and stirring was continued for 8 h at

25 �C. After the impregnation, the suspension was con-

centrated under vacuum. The resulting mixture was then

reduced by sodium borohydride (NaBH4, 37.8 mg) with

vigorous stirring at 25 �C to yield CoAgPd@MIL-101. For

comparison, CoAgPd loaded on C, PVP, graphene and

SBA-15 were prepared with the similar method.

2.5 H2 Generation from Formic Acid Aqueous

Solution

Typically, 2.0 mL aqueous solution containing the as-pre-

pared CoAgPd@MIL-101 (100 mg) was kept in a two-

necked round-bottom flask. One neck was connected to a

gas burette, and the other was connected to a pressure-

equalization funnel to introduce the mixed solution of

formic acid (FA, 140 mg, 3 mmol) and sodium formate

(SF, 70 mg, 0.67 mmol). The catalytic reaction was begun

once the FA/FS solution was added into the flask with

magnetic stirring. The evolution of gas was monitored by

the gas burette. The reaction was carried out at 298 K

under ambient atmosphere.

2.6 Recyclability Test

For recycle stability test, catalytic reactions were repe-

ated 3 times by adding another equivalent of FA

(3 mmol) and SF (0.67 mmol) into the mixture after the

previous cycle.

2.7 Characterization

The as-synthesized CoAgPd@MIL-101 catalysts with dif-

ferent metal ratios were obtained after centrifugation, and

washed with water several times before characterization.

The morphologies and sizes of the samples were observed

by using a Tecnai G20 U-Twin transmission electron

microscope (TEM) equipped with an energy dispersive

X-ray detector (EDX) at an acceleration voltage of 200 kV.

Powder X-ray diffraction (XRD) patterns were measured

by a Bruker D8-Advance X-ray diffractometer using Cu Ka

radiation source (k = 0.154178 nm) with a velocity of

1 min-1. X-ray photoelectron spectroscopy (XPS) mea-

surement was performed with a Kratos XSAM 800 spec-

trophotometer. The surface area measurements were

performed with N2 adsorption/desorption isotherms at liq-

uid nitrogen temperature (77 K) after dehydration under

vacuum at 373 K for 12 h using Quantachrome NOVA

4200e. The inductively coupled plasma-atomic emission

spectroscopy (ICP-AES) was performed on IRIS Intrepid II

XSP (Thermo Fisher Scientific, USA). Detailed analyses

for CO2, H2 and CO were performed on GC-9790 (Zhe-

jiang Fuli Analytical Instrument CO., LTD) with thermal

conductivity detector (TCD) flame ionization detector

(FID)-Methanator (detection limit: *10 ppm).
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Fig. 1 a The low-angle Powder X-ray diffraction patterns of s

(i) Co6Ag8Pd86@MIL-101, (ii) Co9Ag21Pd70@MIL-101, (iii) Co17
Ag24Pd59@MIL-101, (iv) Co21Ag24Pd55@MIL-101, (v) Co33Ag15
Pd52@MIL-101, (vi) Co54Ag13Pd19@MIL-101, (vii) Co68Ag8

Pd86@MIL-101 and (viii) Co89Ag7Pd4@MIL-101. b The wide-angle

PXRD of Co6Ag8Pd86@MIL-101, Co9Ag21Pd70@MIL-101, Co17
Ag24Pd59@MIL-101 and Co21Ag24Pd55@MIL-101
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3 Results and Discussion

3.1 Structure Characters of Catalyst

CoAgPd@MIL-101 heterogeneous catalyst for dehydro-

genation of FA as was prepared. There are no apparent loss

of crystallinity from the low-angle powder X-ray diffrac-

tion (PXRD) patterns of all CoAgPd@MIL-101 samples

compared with parent MIL-101(Fig. 1a), suggesting that

the integrity of the MIL-101 framework was maintained. In

addition, from the wide-angle PXRD (Fig. 1b), the

diffraction peaks of CoAgPd@MIL-101 are located

between the fcc diffraction peaks of Ag and Pd. Moreover,

the peaks are shifted to lower angles as the content of Ag

increased. These results indicate that CoAgPd is formed as

an alloy structure in metal state. Furthermore, the compo-

sition of CoAgPd@MIL-101 was analyzed by inductively

coupled plasma-atomic emission spectroscopy (ICP-AES)

(Table S1).

The X-ray photoelectron spectroscopy (XPS) of

CoAgPd@MIL-101 (Fig. 2) showed the binding energies

for Pd 3d and Co 2p in CoAgPd@MIL-101 are both shifted

to the higher values by about 0.6 and 1.2 eV, respectively.

Whereas, Ag 3d peak for CoAgPd@MIL-101 is shifted to

lower binding energies, which could be further indicative

of the formation of CoAgPd alloy [22]. The formation of

oxidized Co after Ar sputtering shows the alloy NPs most

likely occurs during the sample preparation process for the

XPS measurements [35]. Surface area of CoAgPd@MIL-

101 was calculated from the N2 isotherm using BET model
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MIL-101 at 77 K. Filled and open symbols represent adsorption and

desorption branches, respectively
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(Fig. 3). In comparison with that of MIL-101, the signifi-

cant decrease in the amount of N2 adsorption and the pore

volume (Table S2) of CoAgPd@MIL-101 indicate that that

the cavities of the host framework are either occupied by

the dispersed CoAgPd NPs or blocked by the CoAgPd NPs

[36].

The morphologies of MIL-101 immobilized CoAgPd

NPs were further characterized by TEM and energy-dis-

persive EDX measurements (Fig. 4). The well dispersed

CoAgPd NPs were successfully immobilized on the pores

of MIL-101, with an average diameter of 2.1 ± 0.4 nm,

which indicated that that ternary CoAgPd NPs were small

enough to be encapsulated into the two mesoporous cavi-

ties of MIL-101 (2.9 and 3.4 nm), and big enough to be

confined in the pores of the framework by the windows of

MIL-101 (1.2 and 1.6 nm) [27]. The EDX spectrum

(Fig. 4c) further confirms the presence of CoAgPd.

3.2 Catalytic Performance

The catalytic activities of ternary CoAgPd@MIL-101 with

different compositions and their binary, unitary counter-

parts for hydrogen generation from FA have been per-

formed over all the samples at 50 �C in the presence of

sodium formate (HCOONa, SF) as shown in Fig. 5a. Their

catalytic activities were strongly depended on the compo-

sition of CoAgPd NPs. Obviously, Co9Ag21Pd70@MIL-

101 exhibits highest catalytic activity with the turnover

Fig. 4 a, b TEM images of CoAgPd@MIL-101with different magnifications, (a inset) Particle size distributions of CoAgPd NPs, c EDX of

CoAgPd@MIL-101, d TEM images of CoAgPd@MIL-101 after three cycles
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frequency (TOF) value of 98 h-1 at 50 �C among all the

catalysts tested, this value is higher than most of the

reported values (Table S3). To further studied the effect of

temperature on dehydrogenation of FA catalyzed by Co9
Ag21Pd70@MIL-101 catalyst, the dehydrogenation reac-

tions were carried out at temperatures ranging from 50 to

80 �C. The Arrhenius plot of ln k vs. 1/T for the catalyst is

plotted Fig. S1, from which the apparent activation energy

(Ea)was determined to be approximately 24.21 kJ mol-1,

which is lower than most of reported values (Table S3). By

gas chromatography, CO-free mixture of H2 and CO2 were

detected (Fig. S2), indicating the excellent H2 selectivity

for FA dehydrogenation by the as-synthesized CoAgPd@

MIL-101.

From Fig. 5b, it is clear that Pd is crucial active metal in

all catalysts. Without Pd addition, catalysts as Ag@MIL-

101, Co@MIL-101 and CoAg@MIL101 show no activity.

Furthermore, it is found that the co-incorporation of Co and

Ag into the Pd structure to form CoAgPd alloy structure

significantly enhanced the catalytic activity. For compar-

ison, NiAgPd@MIL-101, CuAgPd@MIL-101 and

FeAgPd@MIL-101 were synthesized using the similar

method, their catalytic performances were all inferior to

that of CoAgPd@MIL-101, further indicating the syner-

gistic effect of Co in the ternary CoAgPd@MIL-101 cat-

alyst (Fig. 6).

Furthermore, to study the effects of different supported

materials on the catalytic activity, ternary CoAgPd NPs

supported on different materials such as carbon black, PVP,

graphene, and SBA-15 were synthesized and their catalytic

performances were tested. As shown in Fig. 7, the catalytic

performances of all the catalysts tested were all inferior to

that of CoAgPd immobilized on MIL-101. In addition, the

CoAgPd NPs without supported materials and MIL-101 are

both inactive. These results highlight the key fact of MIL-
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101 in promoting the catalytic activity and the synergistic

effect of ternary CoAgPd NPs and MIL-101.

The ratio of sodium formate/formic acid (FA/SF) has a

great effect on the catalytic activity of nanocatalysts. FA/

SF solutions with different FA/SF mass ratios were studied

over Co9Ag21Pd70@MIL-101 at 50 �C. We can see from

Fig. S3 that no gas can be generated over the as-synthe-

sized catalyst from SF without FA and highest catalytic

activity exhibited when the mass ratio of FA/SF is 2:1.

The stability test of Co9Ag21Pd70@MIL-101 catalyst

showed that there is slight decrease in catalytic activity and

no change in the hydrogen selectivity after the third run

(Fig. S4). The TEM of CoAgPd@MIL-101 catalyst after

three cycles shown that the CoAgPd NPs were well dis-

persed on the MIL-101 without no obvious agglomeration

(Fig. 4d). However, the particle size was increased, which

may be the reason for the decrease in their catalytic

activity. Further work on the enhancement of the stability

of the as-synthesized catalysts is still underway.

4 Conclusion

In summary, we have developed a highly efficient hetero-

geneous catalyst CoAgPd@MIL-101 in dehydrogenation

of FA for chemical hydrogen storage. It exhibits a marked

superiority over the unitary and binary or ternary coun-

terparts with other compositions, indicating a strong

molecular-scale synergy of CoAgPd alloy. In addition,

compare with CoAgPd NPs supported on other supported

materials, the CoAgPd NPs immobilized on the pores of

MIL-101 exhibit highest catalytic performances, high-

lighting the crucial roles of MIL-101. The combination of

high activity (TOF: 98 h-1, 50 �C) and 100 % selectivity,

as well as integration of low-cost metal may promote the

practical application of FA for chemical hydrogen storage

in the fuel-cell hydrogen economy. Furthermore, this

simple impregnation method could open up a new avenue

for preparing other multiple metal NPs confined inside the

pores of MOFs for more applications.
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