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Decomposition of formic acid (FA) to hydrogen and carbon dioxide through catalysis holds

great promise for clean energy in fuel cells designed for portable use, but the selective and

efficient dehydrogenation of FA by a robust heterogeneous catalyst under ambient con-

ditions remains a major challenge. We report herein that a new FA dehydrogenation

system comprising liquid FA and amines with high boiling point as hydrogen storage

material can be efficiently decomposed for ultrapure H2 release under mild reaction con-

ditions. Of significant importance is that a high turnover frequency (TOF) of up to 1166 h�1

can be readily attained at 60 �C in FA-dimethylethanolamine system using gold nano-

particles supported on amphoteric zirconia (Au/ZrO2). The amine acts as a proton scav-

enger can facilitate the OeH bond cleavage in the key step of FA deprotonation in AueZrO2

interface resulting in high catalytic activity. The versatile gold catalyst displayed excellent

stability for dimethylethanolamine-assisted FA dehydrogenation as well as a typical

particle-size-dependent effect.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Hydrogen, a green energy vector, has been considered as an

ideal potential candidate to solve both the global energy and

environmental problems [1�4]. However, because of its low

boiling point and low volumetric energy density at atmo-

spheric conditions, H2 is difficult to store in compressed or

liquid form and hard to transport with safe manner, and
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these are both of the major challenges in establishing a

hydrogen economy [5,6]. Although many porous materials

can be used for physical hydrogen storage, hydrogen capac-

ities of the materials limit their further applications [7�10].

In chemical hydrogen storage, formic acid (HCOOH, FA) has

been identified as one of the most important liquid com-

pounds for safe and convenient hydrogen storage in fuel

cells designed for portable use owing to its considerable
evier Ltd. All rights reserved.
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hydrogen content (53 g L�1), nontoxicity and high stability

under ordinary conditions [11�15]. It is known that the

chemical decomposition of FA proceeds via two main path-

ways, i.e., the dehydrogenation process to form H2 and CO2,

and the dehydration one to form H2O and CO (Scheme 1)

[16�20]. Under the design and preparation of catalyst used,

the activity and selectivity of hydrogen generation can be

strongly controlled and the production of CO impurity can

also be strictly constrained.

Much progress has been made both on the homogeneous

and heterogeneous catalysis for the selective dehydroge-

nation of FA [21�49]. And the heterogeneous catalysts have

attracted increasing interest owing to the advantage of

operating at ambient atmosphere as well as facile separa-

tion and recycling [28�49]. In an overview of literature, Au

and Pd are more active than other analogous solids [28�49].

Xu et al. grafted the electron-rich functional group ethyl-

enediamine (ED) into metal-organic frameworks (MOFs)

MIL-101 to immobilize bimetallic AuePd nanoparticles (NPs)

showing the turnover frequency (TOF) of 106 h�1 at 90 �C
[31]. A trimetallic PdAuEu/C was demonstrated by Xing and

co-workers displayed the activity of 387 h�1 at 92 �C for FA

dehydrogenation [28]. However, the high performance

observed from these catalysts could only be achieved at

high temperatures (>80 �C) for liquid FA decomposition and

the kinetic properties of FA dehydrogenation under ambient

conditions still need to be further promoted. Apart from the

optimization of catalysts, great efforts have also been made

on the development of FA decomposing reaction system

[28,31�34,50]. For example, extra additives, such as various

organic amines and sodium formate or potassium formate

were conventionally used as proton scavenger to facilitate

the OeH bond cleavage and thus leading to the formation of

a metal-formate species during the initial step of the overall

dehydrogenation process [28,31�34,50].

More recently, we have found that a simple Au-based

catalyst (Au/ZrO2) can efficiently release the H2 stored in

liquid FA under ambient conditions [50]. With this versatile

gold material, controlled and efficient CO-free H2 liberation

from a FA-amine (FA/NEt3 with molar ratio of 5/2) mixture

can be readily achieved. However, the promoter of NEt3 with

low boiling point (89.5 �C) can be volatilized in the FA

decomposition process and the generated H2 gas with vol-

atile organic compounds (VOCs) could not be directly

adapted to downstream practical applications such as fuel-

cell-based technologies for clean power generation [50].

Therefore, it is necessary to search a base promoter with

high boiling point to assist FA dehydrogenation showing no

or extremely trace volatile gas. Herein, we present a profile
Scheme 1 e Two pathways of formic acid decomposition.
for screening assisted amines with high boiling point for

promoting hydrogen generation from FA and describe the

influence of organic bases on the activity of the Au-

catalyzed dehydrogenation of FA. Besides the nature of the

amine, its ratio to FA also controls the performance of the

catalyst system.
Experimental

Catalyst preparation

ZrO2 (56% monoclinic and 44% tetragonal phase) powders

were prepared with a conventional precipitation method

following the previous procedure [50]. 8.0 g zirconium oxy-

chloride octahydrate (ZrOCl2$8H2O, Alfa Aesar, 99%) was dis-

solved in 200 mL deionized water and the pH was adjusted to

approximately 9.5 by dropwise addition of 2.5 M NH3$H2O

(Aldrich, 28%) under stirring at room temperature. The resul-

tant hydrogel was thoroughly washed with deionized water

until free of Cl� after stirring for 8 h. The precipitate was then

dried at 100 �C for 12 h followed by calcination at 400 �C
(ramping rate of 10 �C min�1) in air for 2 h to obtain the final

material.

A modified deposition-precipitation (DP) procedure has

been used to prepare the Au/ZrO2 samples [50]. Briefly, 2.0 g

ZrO2 powders were dissolved with 100mL 1mM (or 1.6 mM) of

aqueous solution of HAuCl4 (Alfa Aesar, 48 wt% Au), and the

pH was adjusted to 9.0 by dropwise addition of 0.25 M

NH3$H2O (CAUTION: the addition of NH3$H2O to HAuCl4 so-

lution may give rise to highly explosive fulminating gold).

After 6 h (or 12 h or 24 h) stirring at room temperature, the

catalyst was washed six times with deionized water until free

of Cl� (using AgNO3 solution for test) and separated by filtra-

tion. The samples were dried at 110 �C in air for 1 h, followed

by a careful treatment with a stream of 5 vol% H2/Ar at 300 �C
(ramping rate of 5 �C min�1) for 2 h. The Au loading was

determined to be 0.8 wt% by ICP-AES.

The Au/ZrO2 catalyst with subnanometric gold particle size

of about 0.8 nm was prepared following the abovementioned

method under milder conditions [50]. Basically, 1.0 g ZrO2

powder was dispersed into 200 mL 0.25 mM of aqueous solu-

tion of HAuCl4, the pH of which was adjusted to 9.0 by drop-

wise addition of 0.25 M NH3$H2O. After 6 h stirring at room

temperature, the catalyst was washed six times with deion-

ized water until free of Cl� (using AgNO3 solution for test) and

separated by filtration. The sample was then dried at 25 �C
under vacuum for 12 h, followed by a careful treatment with a

stream of 5 vol% H2/Ar at 250 �C (ramping rate of 5 �C min�1)

for 2 h.

Catalyst characterization

The BET specific surface areas of the catalysts were deter-

mined by adsorptionedesorption of nitrogen at �196 �C,
using a Micromeritics TriStar 3000 equipment. Sample

degassing was performed at 300 �C prior to acquiring the

adsorption isotherm. Actual Au loading of the catalysts was

measured by using inductively coupled plasma atomic

emission spectroscopy (ICP-AES) with a Thermo Electron
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IRIS Intrepid II XSP spectrometer. XRD operation of the cat-

alysts was carried out on the German Bruker D8 Advance X-

ray diffractometer with Ni filtered Cu Ka radiation at 40 kV

and 20 mA. XPS data were collected with a Perkin Elmer PHI

5000C system equipped with a hemispherical electron en-

ergy analyzer. The spectrometer was performed at 15 kV and

20 mA, and the Mg anode (Mg Ka, hn ¼ 1253.6 eV) was used.

The C 1s line (284.6 eV) was used as reference to calculate the

binding energies (BE). A JEOL 2011 microscope operating at

200 kV with an EDX unit (Si(Li) detector) was used for

TEM investigations. The samples were prepared by grinding

and subsequent dispersing the powder into ethanol and

applying a drop of very dilute suspension on the carbon-

coated grids.

CO concentrationwith very low levels in FA-amine adducts

dehydrogenation can be reliably measured by using a GC

(Agilent 6890) analysis system equipped with a methanizer

and a FID (detection limit ~ 1.0 ppmv). More operation details

can be found elsewhere [50].

CO chemisorption measurements were performed at

�116 �C [51]. A homemade equipment was used for pulse

chemisorption. In principle the system was made of a U-

shaped quartz reactor equipped with an oven controlled by a

PID temperature programmer, mass flow meters, sampling

valve, a quadrupole mass detector. Before chemisorption the

following standard pretreatment procedure was applied: the

sample (200 mg) was reduced in H2 flow (40 mL min�1) at

250 �C for 30min, cooled in H2 to ambient temperature, purged

in He flow and finally hydrated at ambient temperature. The

hydration treatment was performed by contacting the sample

with a He flow (10 mL min�1) saturated with water. The

sample was then cooled in He flow to �116 �C (attained and

maintained by an ethanol-liquid nitrogen cryogenic mixture

in a Dewar flask) for CO chemisorption. For standard mea-

surements the following operating conditions are recom-

mended: CO content in pulses (5 vol%), helium flow rate

(30 mL min�1), pulse size (0.5 mL), time interval between

pulses (4 min).

Catalytic activity test

All catalytic experiments were carried out in open system

under ambient atmosphere of air. The reactions were per-

formed in a double-walled thermostatically controlled re-

action vessel of 10 mL under steady magnetic stirring of

800 rpm at given temperatures (40e80 �C) with a reflux

condenser, which is connected to an automatic gas burette,

where the gases can be collected. The gas burette is

equipped with a pressure sensor. Gas evolved during the

reaction causes a pressure increase in the reaction system,

which is compensated by the volume increase of the

burette syringe with an automatic controlling unit. The gas

evolution curves can be collected by a personal computer.

There is a two piston burette for the measurements above

100 mL. For the large-scale hydrogen generation from FA-

amine adducts, the reaction was performed in the vessel

of 50 mL. In addition, the generated gas was qualitatively

and quantitatively analyzed by the GC (Agilent 6820 with a

TDX-01 column connected to a TCD). Typically, a ratio of H2

to CO2 of 1:1 (±5%) is detected. The initial turnover
frequency (first 20 min) based on total gold atoms (TOF) and

surface gold atoms (TOFsurface) were respectively calculated

as follows:

TOF ¼ generated H2 ðmolÞ
total Au atoms ðmolÞ � time ðhÞ

TOFsurface ¼ generated H2 ðmolÞ
surface Au atoms ðmolÞ � time ðhÞ

For the reuse experiment, the centrifuged catalysts from

the parallel activity tests were collected and washed thor-

oughly with deionized water, followed by drying at 110 �C in

air for 1 h and reduction treatment by a stream of 5 vol% H2/Ar

at 300 �C (ramping rate of 5 �C min�1) for 2 h. All catalytic

activity tests were carried out following the same procedure

as abovementioned. To verify whether there is any leaching of

Au or ZrO2 during the catalytic decomposition, the Au/ZrO2

catalyst was removed from the reaction mixture by using

filtration after 3 h reaction. Analysis of the filtrate with ICP-

AES showed no detectable leaching of Zr or Au (<2.5 ppb)

into the solution.
Results and discussion

Promoted hydrogen generation from formic acid with
amines using Au/ZrO2 catalyst

We firstly prepared the Au/ZrO2 catalyst with gold particle

size of ca. 1.8 nm with modified DP method, the physical and

textural properties of Au/ZrO2 have been described in our

previous work [50]. Au/ZrO2 displayed excellent performance

for hydrogen generation from FA-NEt3 adducts, but the

inevitable factor of low boiling point of NEt3 limits its prac-

tical application in fuel-cell-based technologies. In the

course of our continuing efforts in searching promoter

amine with high boiling point for efficient FA dehydrogena-

tion, we screened many kinds of amine for the goal trans-

formation under mild conditions. In control experiment at

60 �C, only little hydrogen generation is observed over Au/

ZrO2 in the absence of amine (Table 1, entry 1). Other amines,

such as diethanolamine, triethanolamine, dimethyletha-

nolamine, tetramethylethylenediamine and dimethyl-n-

butylamine can greatly promote the dehydrogenation effi-

ciency (Table 1, entries 2e6). The amine acts as a proton

scavenger can facilitate the OeH bond cleavage in the key

step of FA deprotonation in AueZrO2 interface resulting in

high catalytic activity [50]. It can be seen that tertiary amines

showed more significant promoting effect for FA dehydro-

genation. After a preliminary screening, dimethylethanol-

amine with much higher boiling point than NEt3 displayed

the most promoting effect for FA-amine adducts decompo-

sition with generated gas of more than 394 mL in 3 h and the

initial TOF of 1166 h�1 (Table 1, entry 4). Meanwhile, the CO

concentration was less than 10 ppm and no detection of

VOCs in the evolved gaseous mixture for Au/ZrO2 catalyzed

dehydrogenation at 60 �C, which are crucial for generated H2

in the downstream fuel-cell-based technologies. It should be

noted that the promoted effect of dimethylethanolamine on

http://dx.doi.org/10.1016/j.ijhydene.2016.09.150
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Table 1 e Study of various organic amines for the generation of H2 via FA-amine system decomposition by using Au/ZrO2

catalyst.a

HCOOH H2 + CO2
Cat., T
Amine

Entry Amine Boiling point (
�
C)b Vgas (mL) TOF (h�1)c TONd

1e Water 100 34.6 211 123 (187)

2 Diethanolamine 269 202.3 605 477 (1094)

3 Triethanolamine 360 272.2 812 626 (1472)

4 Dimethylethanolamine 135 394.5 1166 926 (2133)

5 Tetramethylethylenediamine 122 339.4 950 841 (1835)

6 Dimethyl-n-butylamine 95 222.5 698 559 (1203)

a Reaction conditions: 5.0 mL scale of FA/amine system (53.0 mmol FA, 21.2 mmol amine), 3.75 mmol Au, 60 �C, 3 h.
b The boiling point of amine.
c Initial TOF after 20 min.
d TON for 1 h, numbers in parentheses refer to TON for 3 h.
e 5.0 mL scale of 10.5 M aqueous FA.
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FA dehydrogenation was similar with NEt3 and the perfor-

mance of Au/ZrO2 for FA-dimethylethanolamine adducts

was about 5.5 times higher than that of the amine-free

counterpart and comparable with the most active hetero-

geneous catalyst systems previously reported under mild

conditions [28,31�34,40�43,48�50]. Furthermore, the dura-

bility of gold catalyst in FA-amine adducts is better than in

aqueous FA system according to the turnover number (TON)

parameters. These results suggested that the secondary and

tertiary amines can promote hydrogen generation from FA

using supported gold catalyst and dimethylethanolamine

was the most effective promoter.

To measure the ease of the amine-promoted liquid FA

dehydrogenation catalyzed by the Au/ZrO2 catalyst, we

recorded the conversion profile and reaction rate of H2 gen-

eration at different temperatures (40e80 �C) in the presence of
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Fig. 1 e Conversion of formic acid as a function of

temperature using Au/ZrO2 catalyst. Reaction conditions:

5.0 mL scale of FA/amine system (53.0 mmol FA, 21.2 mmol

amine), 3.75 mmol Au, 3 h.
53.0 mmol FA and 21.2 mmol amine, as shown in Fig. 1. Low

temperature was hard to stimulate the catalytic potential of

Au/ZrO2 for any amine assisted FA dehydrogenation, and

elevated temperatures can steadily improve the efficiency. At

one given temperature, the promoting effect of dimethyle-

thanolamine for FA dehydrogenation was largest with the FA

conversion of more than 50% at 80 �C in 3 h. By plotting the

logarithmic TOF vs. 1/T, we obtained the Arrhenius plot

(Fig. 2). From the linear Arrhenius behavior, we calculated the

apparent activation energy (Ea) to be 20.8, 24.3, 27.4, 34.9 and

35.6 kJ mol�1 for dimethylethanolamine, tetramethylethyle-

nediamine, triethanolamine, dimethyl-n-butylamine and

diethanolamine promoted FA dehydrogenation over Au/ZrO2

catalyst, respectively. These are lower than most of reported

data for FA dehydrogenation catalyzed by heterogeneous

catalysts [28�50]. The different Ea indicates that the amines
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Fig. 2 e Arrhenius plots for Au/ZrO2 catalyzed hydrogen

evolution from the FA/amine systems. Reaction

conditions: 5.0 mL scale of FA/amine system (53.0 mmol

FA, 21.2 mmol amine), 3.75 mmol Au, 20 min.
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with various structures showed different impact on FA

decomposition and dimethylethanolamine with unique ter-

tiary form could readily interact with FA molecules in the key

step of FA deprotonation in AueZrO2 interface and easily

overcome the low activation barrier for achieving high dehy-

drogenation performance.

The concentration of the amine also strongly affects the

rate of hydrogen generation. We investigated the effect of

these amines and the concentrations in more detail. There

was low catalytic activity for hydrogen evolution in the

absence of amine and an increasing concentration was

beneficial for hydrogen production. It turned out to be a

volcano-shaped relationship between reaction rate and

FA/amine molar ratio, as shown in Fig. 3. For alcamines,

including dimethylethanolamine, triethanolamine and

diethanolamine, the rates of H2 generation increased as

amine concentration increasing from FA/amine molar ratio

of 9/1 to 2.5/1; however, more amines (FA/amine molar

ratio > 2.5) were found to give a negative effect on dehy-

drogenation kinetics. For tetramethylethylenediamine and

dimethyl-n-butylamine, the peak value of the amine pro-

moted effect was appeared at 1.5/1 and 1/1, respectively.

These results reveal that suitable amount of amine plays an

indispensable role in the catalytic dehydrogenation of FA

over Au/ZrO2 catalyst.

Having established that FA-dimethylethanolamine with

the FA/amine molar ratio of 2.5 as a reliable and efficient

system for chemical hydrogen storage, we further investi-

gated the reusability of Au catalyst under mild conditions. As

shown in Fig. 4, Au/ZrO2 was recoverable by simple filtration

and proven robust even after five reuses. Noteworthy, the gas

production rate of the 2nd runwas onlymarginally lower than

the fresh catalyst in the 1st run and kept a constant value in

the later reuses. Furthermore, the phase transformation of

ZrO2 support, change of Au surface metallic nature and

remarkable sintering of Au NPs during real reaction process

were not observed (Fig. 5). Au/ZrO2 was removed from the

reaction mixture at 15% of FA conversion. Further processing
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Fig. 3 e TON as a function of the FA/amine molar ratio

using Au/ZrO2 catalyst. Reaction conditions: 5.0 mL scale of

FA/amine system, n(FA)/n(Au) ¼ 14000, 60 �C, 3 h.
of the filtrate at 60 �C for 1 h did not result in any gas release. In

addition, ICP-AES analysis of the filtrate confirmed that the

content of Au in the solution was below the detection limit. To

our delight, the Au/ZrO2 still displayed excellent large-scale

stability for H2 generation in 20.0 mL of 5FA-2dimethyletha-

nolamine system, as shown in Fig. 6. Emphasized that the

decline of reaction rate in longer time was mainly due to the

consumption of FA and the destruction of initial molar bal-

ance. These results indicate that Au/ZrO2 was very robust for

dimethylethanolamine-promoted FA dehydrogenation and

could keep its intrinsic nature of heterogeneous catalysis in

overall reaction.
Effect of Au particle size on formic acid dehydrogenation

It is well known that the size of Au NPs significantly affects

their catalytic behavior in many reactions [50�55]. It was

found that the mean size of Au NPs in Au/ZrO2 catalyst could

be easily regulated in the range of subnano scale to approx-

imately 10 nm by changing the concentration of the gold

precursor (HAuCl4) and/or the ageing time during the prep-

aration process with DP method [52]. Fig. 7 shows the TEM

images of various Au/ZrO2 catalysts with different mean

sizes of Au NPs on the varied preparation conditions. It is

difficult to obtain the image of the gold subnanoclusters

supported on ZrO2 owing to the poor contrast, but the cluster

size can be determined by themethod of low temperature CO

chemisorption was ca. 0.8 nm [50,51]. The typical TEM mi-

crographs and particle-size distributions of Au/ZrO2 cata-

lysts with mean-size of 3.5, 6.8, and 9.6 nm are shown in

Fig. 7.

The initial HAuCl4 solution with higher concentration

and the expanded ageing time but with a fixed Au amount

in the solution can increase the adsorption of Au-

http://dx.doi.org/10.1016/j.ijhydene.2016.09.150
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Fig. 5 e (a) XRD patterns, (b) XPS data of Au0, and TEM images of (c) fresh and (d) used Au/ZrO2 catalyst after five runs.
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Fig. 6 e Large-scale hydrogen generation from FA/

dimethylethanolamine system using Au/ZrO2 catalyst.

Reaction conditions: 20.0 mL scale of 212.0 mmol FA and

84.8 mmol dimethylethanolamine, 15.0 mmol Au, 60 �C.
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containing precursor on the underlying support during the

stirring and subsequently increase the surface density of

Au atoms after thermal reduction process [52]. The larger

Au NPs can be formed with instantaneous nucleation and

continuous growth and the post-treatment due to the

accumulation of Au atoms. Table 2 lists the effect of

preparation conditions on the size of Au NPs and further

on the activity for FA-dimethylethanolamine adducts

dehydrogenation. It can be seen that the higher concen-

tration of initial HAuCl4 solution and/or the longer ageing

time, the larger size of the Au NPs. With the increase of Au

NPs, the Au/ZrO2 catalyst exhibited decreased performance

for FA dehydrogenation markedly from evolved gas in 3 h

of 632.3 mL for 0.8 nm to of 115.8 mL for 6.8 ± 0.3 nm, as

listed in Table 2. The catalytic ability of 9.6 ± 0.4 nm Au

NPs supported on ZrO2 was the lowest, showing the TOF of

only 105 h�1 at 60 �C. Interestingly, there is an intrinsic

consistency of the relationship on size effect of Au NPs

between dehydrogenation performance and the surface

gold active sites (TOFsurface), as shown in Fig. 8b, indicative

of the origin of gold catalysis in small molecule activation

and transformation. These results demonstrate that the

FA-dimethylethanolamine dehydrogenation over Au/ZrO2

is a typical particle-size-dependent reaction.
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Fig. 7 e Typical TEM micrographs and particle-size distributions for the Au/ZrO2 catalysts with mean-size of (a) 3.5, (b) 6.8,

and (c) 9.6 nm.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 2 1 1 9 3e2 1 2 0 2 21199

http://dx.doi.org/10.1016/j.ijhydene.2016.09.150
http://dx.doi.org/10.1016/j.ijhydene.2016.09.150


Table 2 e Effect of preparation conditions on Au/ZrO2 catalyst for FA dehydrogenation.a

Entry [HAuCl4] (mM) Ageing time (h) Mean size of Au NPs (nm)b Dispersion (%)c TOF (h�1)d Vgas (mL)

1 0.25 6 0.8e 95.1 2015 632.3

2 1.0 6 1.8 ± 0.1 60.8 1166 394.5

3 1.6 6 3.5 ± 0.2 39.4 857 291.6

4 1.6 12 6.8 ± 0.3 16.2 328 115.8

5 1.6 24 9.6 ± 0.4 5.3 105 36.6

a The Au loading was fixed at 0.8 wt%. Reaction conditions: 5.0 mL scale of 53.0 mmol FA and 21.2 mmol dimethylethanolamine, 3.75 mmol Au,

60 �C, 3 h.
b Determined from TEM.
c Dispersion calculated according to the data of CO chemisorption at �116 �C. Assuming an equal Au/CO chemisorption stoichiometry for gold

NPs or subnano-clusters dispersed on ZrO2 support, the size was calculated based on an assumption of a quasi-hemispherical model of gold

particle as referred in Ref. [50].
d Initial TOF after 20 min.
e Measured by CO chemisorption at �116 �C.

Fig. 8 e (a) Hydrogen evolution and (b) TOF and TOFsurface of

Au/ZrO2 with different Au particle size for

dehydrogenation of FA/dimethylethanolamine. Reaction

conditions: 5.0 mL scale of 53.0 mmol FA and 21.2 mmol

dimethylethanolamine, 3.75 mmol Au, 60 �C, 3 h.
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Conclusions

We have developed a new FA dehydrogenation system

comprising liquid FA and amine with high boiling point

as hydrogen storage material which can be efficiently
decomposed for ultrapure H2 gas under mild reaction condi-

tions using gold nanoparticles supported on amphoteric zir-

conia catalyst (Au/ZrO2). The amine acts as a proton scavenger

can facilitate the OeH bond cleavage in the key step of FA

deprotonation in AueZrO2 interface resulting in high catalytic

activity. The dimethylethanolamine showed the most pro-

moting effect on FA-amine adducts dehydrogenation under

ambient conditions due to its unique tertiary structure which

could easy interact with FA molecules in deprotonation pro-

cess. The Au/ZrO2 catalyst also exhibited excellent stability for

dimethylethanolamine-assisted FA dehydrogenation whether

or in large-scale system. Considering the exceptional activity

of amine with high boiling point promoted hydrogen genera-

tion from FA-amine adducts using Au/ZrO2 catalyst, the pre-

sent findings can provide a new way to design and develop

highly efficient process for sustainable and clean energy pro-

duction and chemical synthesis.
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