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h i g h l i g h t s
� ZrO2 polymorphs possess markedly different amount of surface acidity and basicity.
� The basic sites of gold catalyst are crucial for the cleavage of OeH bond of HCOOH.
� Au/m-ZrO2 shows excellent reaction rate of 81.8 L H2 gAu�1 h�1.
� The H/D exchange between HCOOH and H2O in reaction system is observed.
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a b s t r a c t

Formic acid (FA) has attracted considerable attention as a safe and convenient hydrogen storage material
for renewable energy transformation. However, development of an efficient heterogeneous catalyst for
selective FA decomposition for ultraclean H2 gas in the absence of any alkalis or additives under mild
conditions remains a major challenge. Based on our previous work on Au/ZrO2 as a robust and efficient
catalyst for FA dehydrogenation in amine system, we report here ZrO2 with different nanocrystal poly-
morphs supported Au nanoparticles can achieve near completion of FA dehydrogenation in base-free
aqueous medium. Of significant importance is that an excellent rate of up to 81.8 L H2 gAu

�1 h�1 in
open system and highly pressurized gas of 5.9 MPa in closed one can be readily attained at 80 �C for Au/
m-ZrO2. In situ diffuse reflectance infrared Fourier transform (DRIFT) and CO2-temperature programmed
desorption (TPD) techniques revealed that Au/m-ZrO2 exhibits a higher density of surface basic sites than
Au/t-ZrO2 and Au/a-ZrO2. Basic sites in surface can substantially facilitate crucial FA deprotonation
process which appears to be a key factor for achieving high dehydrogenation activity. The H/D exchange
between solvent of H2O and substrate of FA was observed by the kinetic isotope effect experiments.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen is considered as a promising alternative to satisfy the
increasing demands for an efficient and clean energy supply [1�4].
However, the practical realizations of controlled storage and release
of hydrogen are still of great challenges in the fuel cell based
hydrogen economy [5,6]. To date, chemical methods for hydrogen
storage and use have focused on the use of metal hydrides [7],
liquid organic heterocycles (LOH) [8], ammonia borane (AB) [9],
alcohols [10], hydrazine [11] et al. as storage materials. Of special
interest is the use of bio-renewable formic acid (FA) as hydrogen
carrier, not only due to its role in sustainable energy production and
renewable chemical synthesis but also for its simplicity which
makes it ideal for fundamental bond making and breaking studies
[12�15]. It was identified that the decomposition of FA may occur
via two distinct reaction pathways, namely the decarboxylation,
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yielding H2 and CO2 (HCOOH(l) / H2(g) þ CO2(g), DG298

K ¼ �35.0 kJ mol�1) or the dehydration into H2O and CO
(HCOOH(l) / H2O(l) þ CO(g), DG298 K ¼ �14.9 kJ mol�1) [16].
Particularly given that the gravimetric energy density of FA is by a
factor of 7 superior compared to commercially available lithium ion
batteries, FA thus represents a convenient liquid hydrogen carrier
in fuel cells designed for portable use [17]. This has prompted great
efforts directed toward the catalytic FA decomposition in the liquid
phase, where the production of CO-free H2 at convenient temper-
atures is of great importance.

Indeed, much progress has been made in the catalytic dehy-
drogenation of FA by using homogeneous systems, such as Ru
[18,19], Ir [20,21], Rh [22], and Fe complexes [23,24]. However,
apart from the practical inconvenience arising from the use of so-
phisticated and expensive ligands, the widespread application of
these systems has been severely limited by the intrinsic air-
instability and short recyclability. Therefore, tremendous efforts
have been devoted to synthesizing high performance solid cata-
lysts. Among different heterogeneous catalyst systems, mono-, bi-
and tri-metal active components have been demonstrated as a
series of very effective catalysts for hydrogen evolution via FA
decomposition due to simple operation, significant durability, and
cost-saving [25�35]. Despite their high performance for dehydro-
genation, most reaction processes suffering from indispensable
additives of various inorganic alkali (sodium or potassium salts),
which can lower the gravimetric energy density of FA
[27�30,36�39]. From the standpoint of practical application, the
use of additive-free aqueous FA as the liquid chemical hydrogen
storage material would be beneficial for maximizing the overall
deliverable capacity [25,26,31�35]. Moreover, the ultraclean H2 gas
generated from the FA system would also be advantageous to its
direct downstream application of fuel-cell-based technologies for
clean power generation [40]. Thus, the development of simple,
efficient, and recyclable heterogeneous catalyst system for afford-
ing facile and selective evolution of ultrapure H2 gas (CO < 10 ppm)
from FA in base-free aqueous medium under ambient conditions is
highly desired.

Gold-containing catalysts have been extensively employed in
past decades for low temperature CO oxidation [41], water-gas shift
reactions (WGSR) [42], selective oxidation/reduction [43], and fine
chemical synthesis [44]. It is also established that gold catalysts are
very selective for vapor-phase FA dehydrogenation and gold-based
alloy or core-shell structured materials are highly effective for
liquid-phase FA decomposition for pure H2 gas [12,14,26,27,33,35].
During the search for a readily available, applicable, highly active
and reusable catalyst for FA dehydrogenation, we have recently
found that a simple Au-based catalyst comprising ultrasmall Au
nanoclusters dispersed on a biphasic ZrO2 can efficiently release
CO-free H2 from a FA-aminemixture with controlled manner under
ambient conditions, even at room temperature of 25 �C [45].
Although the important role played by ZrO2 in dehydrogenation
was noticed when comparing the activity of Au/ZrO2 with gold
supported on other metal oxides, the fundamental understanding
of the essential role of the underlying support, in particular the
amphoteric nature of ZrO2 with different pure crystallite phases, on
the origin of the high catalytic activity of Au/ZrO2 system is still
lacking.

Herein, we report Au nanoparticles (NPs) supported on ZrO2

with different crystal phases and their catalytic properties for
additive-free FA dehydrogenation in the aqueous medium under
near ambient conditions. Given the well established fact that
polymorphic nature of ZrO2 strongly influences the performance of
a ZrO2-based catalyst, the present work aims to identify the
crystalline-phase-dependent behavior of the Au/ZrO2 systems. To
gain an insight into the respective nature of Au and ZrO2 phases as
well as the structural properties of the Au/ZrO2 catalyst in relation
to their performance in base-free FA decomposition, extensive
characterization by N2 adsorption, X-ray diffraction (XRD), tem-
perature programmed desorption (TPD), transmission electron
microscopy (TEM), high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), X-ray photoelectron
spectroscopy (XPS), and diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) has been carried out.

2. Experimental

2.1. Catalyst preparation

Monoclinic (m-) and tetragonal (t-) ZrO2 samples were synthe-
sized at 160 �C for 20 h in a Teflonlined stainless-steel autoclave
(250 mL) containing solutions (80 mL) of CO(NH2)2 (Aldrich, 99.5%)
and ZrO(NO3)2 (Alfa Aesar, 99%) [46]. Deionized water and CH3OH
(Aldrich, 99.9%) were used as solvents for synthesizing m-ZrO2 and
t-ZrO2, respectively. The concentration of Zr4þ in the solution was
0.4 M, and the CO(NH2)2/Zr4þ molar ratio was controlled to be 10.
The resulting precipitates were respectively washed thoroughly
with water and CH3OH, and dried at 100 �C overnight and calcined
at 400 �C for 4 h in air. The amorphous (a-) ZrO2 was prepared by a
conventional precipitation method following the reported pro-
cedure [45]. Briefly, appropriate amount of ZrO(NO3)2 was dis-
solved in 200mL deionized water, the pH was adjusted to about 9.5
by dropwise addition of 2.5 M NH3$H2O (Aldrich, 28%) under stir-
ring at 25 �C. The resultant hydrogel was washed with deionized
water after stirring for 8 h. The precipitate was then dried at 100 �C
overnight followed by calcination at 300 �C in air for 2 h to obtain
the final material. The biphasic ZrO2 (b-ZrO2, 56% monoclinic phase
and 44% tetragonal phase) was prepared following the above-
mentioned procedure of a-ZrO2 but using oxychloride octahy-
drate (ZrOCl2$8H2O) as the zirconium precursor and 400 �C as the
final calcination temperature.

A modified deposition-precipitation (DP) procedure has been
used to prepare the Au/ZrO2 samples [45]. Briefly, 2.0 g ZrO2
powders were dispersed into 100 mL 1 mM of aqueous solution of
HAuCl4 (Alfa Aesar, 48 wt% Au), the pH was adjusted to 9.0 by
dropwise addition of 0.25 M NH3$H2O (CAUTION: the addition of
NH3$H2O to HAuCl4 solution probably give rise to highly explosive
fulminating gold). After stirring for 6 h at 25 �C, the catalyst was
washed several times with deionized water until free of chloride
ions (using AgNO3 solution for test) and separated by filtration. The
samples were dried at 100 �C in air for 1 h, and followed by a careful
reduction treatment with a stream of 5 vol% H2/Ar at 300 �C for 2 h.

2.2. Catalyst characterization

Actual Au loading of the catalysts was measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using a
Thermo Electron IRIS Intrepid II XSP spectrometer. The BET specific
surface areas of the prepared catalysts were determined by
adsorptionedesorption of nitrogen at liquid nitrogen temperature,
using a Micromeritics TriStar 3000 equipment. Sample degassing
was carried out at 300 �C prior to acquiring the adsorption
isotherm. The XRD information of the catalysts was carried out on a
German Bruker D8 Advance X-ray diffractometer using nickel
filtered Cu Ka radiation at 40 kV and 20 mA, and the crystallite size
was calculated according to the Scherrer Equation D ¼ 0.89l/Bcosq
(l¼ 0.154056 nm). XPS datawere recordedwith a Perkin Elmer PHI
5000C system equipped with a hemispherical electron energy
analyzer. The spectrometer was operated at 15 kV and 20 mA, and a
magnesium anode (Mg Ka, hn ¼ 1253.6 eV) was used. The C 1s line
(284.6 eV) was used as the reference to calculate the binding
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energies (BE). A JEOL 2011 microscope operating at 200 kV equip-
ped with an EDX unit (Si(Li) detector) was used for the TEM in-
vestigations. HAADF-STEM images were obtained on a JEM 2100F
electron microscope equipped with an EDX unit and a field-
emission-gun (FEG) operated at 200 kV and using a HAADF de-
tector. The samples for electron microscopy were prepared by
grinding and subsequent dispersing the powder in ethanol and
applying a drop of very dilute suspension on carbon-coated grids.

CO concentration with very low levels can be reliably measured
by using a gas chromatograph (Agilent 6890 GC) analysis system
equipped with a methanizer and a flame ionization detector (FID,
detection limit ~ 1.0 ppmv). More details can be found elsewhere
[45].

The basicity of sample was determined by CO2-TPD experiment.
Prior to adsorption of CO2, the sample (0.1 g) was pretreated at
200 �C for 60 min and cooled to 80 �C in flowing He. At this tem-
perature, sufficient CO2 was injected until adsorption saturation,
followed by purging with He (30 mL min�1) for about 2 h. The
temperature was then raised from 80 �C to 800 �C at a ramp rate of
5 �C min�1 to desorb CO2. The desorbed CO2 was detected by on-
line gas chromatography with a TCD. Desorption amount of CO2

was absorbed by NaOH solution followed by titration with hydro-
chloric acid standard solution with phenolphthalein and methyl
orange as dual-indicator. The basicity of the catalyst is the amount
of CO2 absorbed by catalyst on unit weight (mmol g�1). The acidity
of catalyst was determined by NH3-TPD experiment. The proced-
ures were similar to CO2-TPD experiment. Desorption amount of
NH3 was absorbed by HCl solution followed by titration with so-
dium hydroxide standard solution with phenolphthalein and
methyl orange as dual-indicator. The acidity of the catalyst is the
amount of NH3 absorbed by catalyst on unit weight (mmol g�1).

The DRIFTmeasurements of CO adsorptionwere carried out on a
Bruker Vector 22 FTIR spectrometer equipped with a MCT detector
and Harrick diffuse reflectance accessory. Spectra were obtained on
a homemade apparatus loaded with 0.05 g of catalyst. Prior to the
saturated adsorption of 0.5 vol% CO/He at room temperature,
sample was subjected to the pretreatment with Helium flow at
200 �C for removing any other gases and moisture. Each spectrum
was obtained after the 10 min evacuation treatment with Helium
flow at 25 �C and by subtracting the background (base spectrum) of
the unloaded sample.

In situ DRIFTmeasurements were performed in a Harrick diffuse
reflectance infrared cell equipped with CaF2 windows and adapted
to the Nicolet FTIR/R760 spectrometer. Spectra were obtained on
the apparatus loaded with 0.05 g of sample recording at 4 cm�1

resolution with 128 scans. Prior to the adsorption of HCOOD gas
(bubbled with 20mLmin�1 of Helium at 10 �C, HCOOD content was
~2%), the sample was subjected to the pretreatment with Helium
flow at 200 �C for removing moisture and any other gases. Each
spectrum was obtained under the treatment with Helium flow at
the indicated temperature and evacuated time, and by subtracting
the background (base spectrum) of the unloaded sample.

2.3. Catalytic activity test

All catalytic experiments in open systemwere carried out under
ambient atmosphere of air. Noted that the inert atmosphere of N2
gave essentially the same rate of H2 generation as air in this reac-
tion. All reactions, unless otherwise stated, were conducted in a
10 mL double-walled thermostatically controlled reaction vessel
under steady magnetic stirring (800 rpm) at the given temperature
with a reflux condenser, which is connected to an automatic gas
burette, where the gases are collected and temperature kept con-
stant at 25 �C during measurements. The gas burette is equipped
with a pressure sensor. Generating gas during the reaction causes a
pressure increase in closed system, which is compensated by vol-
ume increase of the burette syringe by an automatic controlling
unit. The gas generation curves are collected by a personal com-
puter. There is a two piston burette for measurements above
100 mL. In addition, generated gas was qualitatively and quanti-
tatively analyzed by GC (Agilent 6820 with a TDX-01 column con-
nected to a TCD). Typically a ratio of H2 and CO2 of 1:1 (±5%) is
detected. The reaction rates were calculated based on total gold
atoms.

The catalytic experiment in closed system was carried out in a
50 mL Hastelloy-C high-pressure Parr autoclave. Typically, 5.0 mL
scale of FA solution and calculated amount of Au catalyst were
placed in the autoclave. Then it was sealed and the internal air was
degassed completely using N2 at room temperature. The stirrer was
started with the rate of 800 rpm when the desired temperature of
80 �C was reached.

For the catalyst reuse experiment, the catalysts from parallel
activity tests were collected, centrifuged and washed with deion-
ized water, followed by drying at 100 �C in air for 1 h and reduction
with a stream of 5 vol% H2/Ar at 300 �C for 2 h. All catalytic activity
tests were performed by following the same procedure as
described above. To verify whether there is any leaching of zirconia
or gold during the catalytic FA decomposition, the gold catalyst was
removed from the reaction system by filtration after 3 h reaction.
Analysis of the filtrate by ICP showed no detectable leaching of Zr or
Au (<2.5 ppb) into the solution.

All kinetic isotope effect (KIE) experiments were carried out by
using the same procedure as described above. The deuterium-
labeled formic acid was purified by anhydrous CuSO4 and/or D2O
were introduced into the reaction system. The isotope distribution
for generated hydrogen gas was performed by dividing the effluent
into two parallel streams: one was analyzed by a mass spectrom-
eter (Balzers OmniStar) and the other by a GC (Agilent 6820 with a
TDX-01 column connected to a TCD). Typically a ratio of hydrogen
(H2 or D2 or HD) and carbon dioxide of 1:1 (±5%) is detected.

3. Results and discussion

3.1. Catalytic hydrogen generation from formic acid

In the course of our continuing efforts in developing green
catalysis for clean hydrogen generation via aqueous formic acid
decomposition, we have discovered an efficient approach achieving
this particular goal under mild conditions and in the absence of
volatile organic amines (VOCs). Based on our previous work [45],
we used the biphasic zirconia (b-ZrO2) supported gold catalyst (Au/
b-ZrO2, mean gold particle size ~ 1.8 nm) in 10.5 M additive-free
aqueous FA at 40 �C, but no gas can be detected. Interestingly,
appreciable catalytic activity with initial reaction rate of
50.6 L H2 gAu�1 h�1 was observed once the reaction temperature was
elevated to 80 �C. In order to improve the performance of gold
catalyst and investigate the amphoteric nature of ZrO2 with
different pure crystallite phases, we prepared and evaluated a se-
ries of zirconia polymorphs supported gold catalysts including Au/
m-ZrO2, Au/t-ZrO2, and Au/a-ZrO2. As shown in Fig. 1, a dramatic
effect of the support polymorphs was found. Remarkably, Au sup-
ported onm-ZrO2 was shown to be most active and selective for FA
dehydrogenation in acidic medium, with an initial rate of up to
81.8 L H2 gAu�1 h�1 at 80 �C achievable for the exclusive formation of
H2 and CO2 (Fig. 1a). The Au/a-ZrO2 catalyst exhibited less activity
with the rate of 47.8 L H2 gAu�1 h�1, and Au/t-ZrO2 showed the lowest
performance of only 25.6 L H2 gAu�1 h�1. There is also a significant
difference from the long-term reaction profiles of FA dehydroge-
nation among the supported gold catalysts, that is, Au NPs on m-
ZrO2 are about 3.7 times more active than that of a similar size on t-



Fig. 1. Additive-free FA dehydrogenation over supported Au catalysts in open system. (a) Initial rate after 20 min, and (b) Profiles of evolved gas in 3 h. Reaction conditions: 5.0 mL
scale of 10.5 M FA, n(FA)/n(Au) ¼ 7000, 80 �C.

Q.-Y. Bi et al. / Journal of Power Sources 328 (2016) 463e471466
ZrO2, as shown in Fig. 1b. The evolved gas in 3 h was 430.1, 262.3
and 117.1 mL for Au/m-ZrO2, Au/a-ZrO2 and Au/t-ZrO2, respectively,
on the indicated conditions. It should be emphasized that the
performance of Au/m-ZrO2 catalyst for additive-free aqueous FA
dehydrogenation was comparable with the most active heteroge-
neous catalyst systems previously reported at temperatures of
20e92 �C [25,26,31�35]. In addition, the CO concentrationwas less
than 9 ppm for these gold catalysts at 80 �C based on the gas stream
after CO2 removal using the GC-FID-Methanizer method.

The catalytic behaviors of ZrO2 supported gold catalysts for FA
decomposition in closed system was different from these in open
one (Fig. 2). For these three gold catalysts, the initial rates in closed
systemwere lower than the corresponding open systemmay due to
the latter favoring the proceeding of FA dehydrogenation (Fig. 2a).
The reaction rate of 68.6 L H2 gAu�1 h�1 at 80 �C for Au/m-ZrO2 was
much lower than that of 81.8 L H2 gAu�1 h�1 in open system. The Au/a-
ZrO2 and Au/t-ZrO2 also showed lower catalytic activity of 45.3 and
24.7 L H2 gAu�1 h�1, respectively. In longer reaction time, the pressure
Fig. 2. Additive-free FA dehydrogenation over supported Au catalysts in closed system. (a)
5.0 mL scale of 10.5 M FA, n(FA)/n(Au) ¼ 1750, 80 �C.
of evolved gas may exceed 5.9 MPa at 80 �C for Au/m-ZrO2 sample,
with the FA decomposition being allowed to go to completion
(>95%) in an isolated process performed in the closed system, as
shown in Fig. 2b. No significant inhibition of catalytic activity was
observed up to the high pressure at near-ambient conditions. Au/a-
ZrO2 displayed robustly catalytic performance which was compa-
rable with Au/m-ZrO2 catalyst for FA dehydrogenation under the
same reaction conditions.

To further investigate the different catalytic behaviors of zirco-
nia polymorphs supported gold catalysts, the reusabilities of Au/m-
ZrO2 and Au/t-ZrO2 in both open and closed systems were studied.
Through chemical analysis by atomic absorption of the filtrates, the
leaching of gold or ZrO2 under such highly acidic environment and
whether or in high-pressure was negligible, verifying the inherent
stability of the ZrO2 supported gold catalysts. For the Au/m-ZrO2,
the activity of the second reuse lowered by about 12.6% compared
to the fresh one in open system, but the value was 24.9% in closed
system (Fig. 3a and c). For the Au/t-ZrO2 catalyst, the decreasing
Initial rate after 1 h, and (b) Profiles of pressure variation in 6 h. Reaction conditions:



Fig. 3. Reuse of Au/m-ZrO2 (left side, red column) and Au/t-ZrO2 (right side, blue column) catalysts for hydrogen generation via decomposition of base-free aqueous FA. Reaction
conditions: (a) and (b) in open reaction system, 5.0 mL scale of 10.5 M FA, n(FA)/n(Au) ¼ 7000, 80 �C, 3 h in each run. (c) and (d) in closed reaction system, 5.0 mL scale of 10.5 M FA,
n(FA)/n(Au) ¼ 1750, 80 �C, 6 h in each run. Three separate experiments were performed for each plot; standard deviation error bars are shown. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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amplitude was about 12.2% and only 13.7% in open and closed
system, respectively (Fig. 3b and d). Interestingly, both catalysts
showed good stability after the 2nd reuse either in open reaction
system or in closed one. These results show that high-pressure in
closed system exhibited more significant effect for Au/m-ZrO2
catalyst on base-free aqueous FA decomposition. The remarkable
loss of activity for Au/m-ZrO2 catalyst in closed system excluded the
influence of leaching of active metal or support and gold sintering
(themean size of Au NPs of used Au/m-ZrO2 catalyst was ca. 2.1 nm)
but probably due to the inevitable product of pressurized CO2
which can be more easily adsorbed on the surface basic sites, and
the formed carbonate species can cover the active sites of gold
catalysts.
Fig. 4. XRD patterns of a-, m-, t-ZrO2, and their supported Au catalysts.
3.2. Structural characterization and surface acid-base property
measurement

To ascertain the reason of the difference on catalytic activity of
these zirconia polymorphs supported gold catalysts, the compre-
hensive investigation on microstructures and physiochemical
properties were further carried out. The powder XRD patterns in
Fig. 4 clearly show the well-defined crystal of monoclinic and
tetragonal phase for pure m-ZrO2 and t-ZrO2, and the typical dif-
ference between these two ZrO2 polymorphs. Intensive diffraction
patterns at 2q of 24.1�, 28.1�, 31.3�, 34.4�, 40.8�, 44.8�, 50.0�, and
55.3� ofm-ZrO2 crystal phase (JCPDS 37-1484) are detected [46,47].
The peaks at 2q of 30.2�, 34.9�, 50.4�, and 59.9� are diffraction
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patterns of t-ZrO2 crystal phase (JCPDS 50-1089) [46,47]. A broad X-
ray diffraction line is observed for a-ZrO2 sample, demonstrating an
amorphous ZrO2 with poor crystallinity. There are no structural
changes after the loading of gold for the corresponding support,
especially the phase transformation. The absence of any Au-
containing crystal phases suggests the low gold loadings and high
dispersion of the gold species. The crystallite size of m-ZrO2 and t-
ZrO2 were calculated using Scherrer formula to be 9.2 and 10.3 nm
from the major diffraction peaks at 28 and 30�, respectively. Ni-
trogen adsorption isotherms at �196 �C gave BET surface area
values ranging from 109 m2 g�1 for the sample of t-ZrO2 to
186 m2 g�1 for a-ZrO2 (Table 1), which are in good agreement with
the previously reported results [46�48]. Meanwhile, gold deposi-
tion can lead to the slight decrease of specific surface area for the
underlying ZrO2 support. The data of pore volume and pore
diameter show a typical mesoporous feature of these supports and
gold catalysts.

The gold loading on Au/a-ZrO2, Au/m-ZrO2 and Au/t-ZrO2 was
respective 0.75, 0.80 and 0.68 wt% according to the ICP-AES tech-
nique (Table 1). TEM and HAADF-STEM images and STEM-EDX
mappings in Fig. 5 and Fig. S1-3 show that the gold NPs uni-
formly and highly dispersed on the corresponding supports with
comparable particle size of 2.3, 2.0, and 2.2 nm for Au/a-ZrO2, Au/
m-ZrO2, and Au/t-ZrO2 catalyst, respectively. Meanwhile, the
binding energy of 87.4 eV for 4f5/2 and 83.7 eV for 4f2/7 clearly
demonstrate that there is only metallic gold on the surface of these
Au-supported samples (Fig. 6a) [45]. The fact that no bands for Auþ

or Audþ can be seen from the DRIFT spectra of CO adsorption, as
presented in Fig. 6b, further confirms the exclusive presence of
metallic Au species in these materials [45].

Based on the above textural characterization results, the dif-
ference of activity for these ZrO2 polymorphs supported gold cat-
alysts would exclude the effect of surface area, Au particle size,
oxidation state of surface active sites, probably because the surface
acid-base property of samples [49,50]. The aciditymeasurements of
ZrO2 supports and supported Au catalysts were carried out by NH3-
TPD. There is no significant difference on the nature of acidic sites
for the ZrO2 with different polymorphs as well as the correspond-
ing supported gold catalysts, as shown in Fig. 7a. For supports, there
are two desorption peaks at 150 �C and a broad one at 445 �C
ascribed respectively to weak and strong surface acidic sites [49],
and a-ZrO2 shows the largest amount of surface acidic sites while t-
ZrO2 exhibits the least one. But for the gold catalysts, there are
three desorption peaks at 150, 400 and 554 �C, indicative of more
strong acidic sites compared to the corresponding supports. The
amount of total surface acidic sites for Au/a-ZrO2, Au/m-ZrO2 and
Au/t-ZrO2 samples determined with the titration method are 161.8,
129.4 and 92.5 mmol g�1, respectively. On the other hand, the ba-
sicity measurements of ZrO2 supports and supported Au catalysts
were carried out by CO2-TPD. There are two desorption peaks at
around 130 and 450 �C ascribed respectively to theweak and strong
surface basic sites for the ZrO2 supports [49], as shown in Fig. 7b.
The Au deposition displays no change on the nature of weak surface
basic sites, but can induce the position of strong surface basic sites
Table 1
Characteristics of the ZrO2 supports and gold catalysts.

Sample Surface area (m2 g�1) Pore volume (cm3 g�1)

a-ZrO2 186 0.3538
m-ZrO2 137 0.3075
t-ZrO2 109 0.2756
Au/a-ZrO2 172 0.2339
Au/m-ZrO2 118 0.1825
Au/t-ZrO2 106 0.2033
slight shifting to the higher value of 490 �C, indicative of the
appearance of stronger surface basic sites. The amount of surface
basic sites for gold supported on m-ZrO2, a-ZrO2 and t-ZrO2 cata-
lysts can also be quantitatively determined with the titration
method are 78.7, 22.3 and 9.6 mmol g�1, respectively, which are in
good agreement with the previous report [51]. The above-
mentioned surface acidity-basicity results suggest that ZrO2 poly-
morphs supported gold catalysts can be considered as amphoteric
matrixes, but Au/m-ZrO2 presents much more base than other
counterparts.

3.3. Active sites and structure-activity relationships

Many workers reported that m-ZrO2 and t-ZrO2 possess
different amount of acidity and basicity due to the distinction of
surface hydroxyl, which can strongly influence the catalytic activ-
ities and selectivities for many reactions [49�54]. He et al. [52]
elucidated that there was strong Lewis acidity of Zr4þ cations and
the strong Lewis basicity of O2� anions of coordinative unsaturated
Zr4þ�O2� pairs on the surface of m-ZrO2. And the CO2 adsorption
capacity ofm-ZrO2 is more than an order of magnitude higher than
that of t-ZrO2. The a-ZrO2 support was calcined at lower temper-
ature of 300 �C possessed more OH groups thus showed large
amount of surface acidic sites [52]. Generally, surface basicity could
be crucial for the chemical reaction proceeding in acidic medium,
e.g., FA dehydrogenation [45].

To further explore the intrinsically catalytic nature of different
ZrO2 polymorphs supported gold catalysts, the in situ DRIFTS
technique for labeled FA was employed. The distinct IR results of
various supported gold catalysts are shown in Fig. 8. The peaks at
2736, 2858 and 3686 cm�1 are ascribed to the IR vibration of OD, CH
and OH groups on the surface of supported gold catalysts, respec-
tively [45]. The OD groups derived from the exchange of OH of
supports and D-labeled FA of HCOOD. And the intensity of OH bond
for Au/m-ZrO2 was stronger than those of Au/a-ZrO2 and Au/t-ZrO2
catalysts, indicative of the more basic sites in former than in latter,
which are consistent with the CO2-TPD results above. Meanwhile,
the OD bond intensity shows the similar trend of OH bond for these
gold catalysts. These results indicate that the H/D exchange reac-
tion over Au/m-ZrO2 occurred with the highest rates than those
over Au/a-ZrO2 and Au/t-ZrO2 catalysts. For the dehydrogenation of
FA over the gold catalysts, it is widely accepted that the reaction
initiates with the cleavage of OeH bond from HCOOH to yield
formate and proton on the interface of metal and support
[12�16,25,26,45]. And the H/D exchange between proton of FA and
H atom from ZrO2 surface can occur if HCOOD was used. Based on
the findings of above CO2-TPD, NH3-TPD and HCOOD-IR, it can be
concluded that basic sites exhibited significant effect on the cata-
lytic performance of aqueous FA decomposition reaction, that is,
the higher population of basic sites for Au/m-ZrO2 sample, the
faster reaction rate for FA dehydrogenation.

To gain a further mechanistic understanding of this key aspect,
the experiments in which one hydrogen atom in FA being labeled
with deuterium and the effect of solvents were carried out. The rate
Pore diameter (nm) Au loading (wt%) Au particle size (nm)

8.3 e e

8.9 e e

10.1 e e

7.6 0.75 2.3
8.2 0.80 2.0
9.4 0.68 2.2



Fig. 5. TEM images of (a) a-ZrO2, (b) Au/a-ZrO2, (d)m-ZrO2, (e) Au/m-ZrO2, (g) t-ZrO2, and (h) Au/t-ZrO2, and STEM-EDX mappings of (c) Au/a-ZrO2, (f) Au/m-ZrO2, and (i) Au/t-ZrO2.

Fig. 6. (a) Binding energies and (b) CO-DRIFT spectra of Au
�
for gold catalysts.
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Fig. 7. (a) NH3-TPD and (b) CO2-TPD profiles of ZrO2 supports and supported Au catalysts.

Fig. 8. DRIFT spectra of H/D exchange of HCOOD with surface OH groups of the cat-
alysts at 80 �C (recorded after a 15-min exposure to 2% HCOOD in Helium gas).

Table 2
Rate of H2 evolution, KIEs, and isotope distributions for evolved hydrogen gas in
decomposition of FA catalyzed by supported gold catalysts.a

Entry Catalyst Formic
acid

Rate
(L H2 gAu�1 h�1)

KIE Fraction (mol%)

H2 D2 HD

1 Au/m-ZrO2 HCOOH 76.8 e 100 0 0
2 Au/m-ZrO2 HCOOD 30.6 2.5 18 0 82
3 Au/m-ZrO2 DCOOH 26.3 2.9 8 0 92
4 Au/t-ZrO2 HCOOH 21.3 e 100 0 0
5 Au/t-ZrO2 HCOOD 7.9 2.7 10 0 90
6 Au/t-ZrO2 DCOOH 7.3 2.9 8 0 92
7b Au/m-ZrO2 HCOOH 71.2 e 79 5 16
8b Au/m-ZrO2 DCOOH 12.7 e 0 15 85

a Reaction conditions: 5.0 mL scale of 10.5 M FA, n(FA)/n(Au) ¼ 7000, 80 �C, 1 h.
b D2O as the solvent instead of H2O.
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of H2 evolution, kinetic isotope effects (KIEs), and isotope distri-
butions for evolved hydrogen gas in decomposition of FA by sup-
ported gold catalysts are listed in Table 2. Although D-labeled
formic acid showed significant KIEs in the process of chemical re-
action over both catalysts, HCOOD and DCOOH exhibited slight KIEs
each other, indicative of the cleavage of OeH and HeC bonds is
kinetically-relevant step in aqueous FA solution [45]. The reaction
rate of Au/m-ZrO2 was much higher than that of Au/t-ZrO2 under
identical reaction conditions, which also attributed to a higher
population of surface basic sites of the former than latter and are in
agreement with the CO2-TPD results. It is interesting to find that
there are some differences for the fraction of H2, D2, and HD in the
evolved hydrogen gas, inferring that H2O may participate in the FA
dehydrogenation process (hydrogen atoms originate from both the
acid and water molecules). To explore the possibility, the reaction
solvent was changed to be D2O instead of H2O (Table 2). There are
some D2 and HD components in spite of D-labeled formic acid free
in the reactant, indicative of the existence of H/D exchange be-
tween FA and solvent such as H2O or D2O [55,56], following the
reaction pathways as shown below [45].

HCOOH þ 2Au 4 (HCOOeAu)� þ (AueH)þ (1)

(HCOOeAu)� / (AueH)� þ CO2 (2)

(AueH)þ þ (AueH)� / H2 þ 2Au (3)

D2O 4 Dþ þ OD� (4)

(AueH)� þ Dþ / HD þ Au (5)

(AueH)þ þ OD� / HDO þ Au (6)

The dehydrogenation rate of HCOOH in D2O was slightly lower
than that of HCOOH in H2O, but significantly higher than other
reaction systems which containing D-labeled substrates. The re-
action rate of DCOOH dehydrogenation in both D2O and Au/m-ZrO2
system was very low due to the double D-labeled effect [55].
Overall, the reaction rate decreases in the following order:
[HCOOH þ H2O] > [HCOOH þ D2O] > [DCOOH þ H2O] >
[DCOOH þ D2O], which can be reasonably explained with an H/D
exchange between FA and water and the double D-labeled effect.
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4. Conclusions

Gold nanoparticles supported on ZrO2 polymorphs are found to
be active and selective catalysts for base-free aqueous FA decom-
position for ultrahigh clean H2 gas under mild conditions. With
comparable gold particle size, Au/m-ZrO2 can much more favorably
facilitate FA deprotonation which appears to be a key factor for
achieving high activity in the desired reaction. The promotion effect
was mainly ascribed to the muchmore density of surface basic sites
on Au/m-ZrO2 compared with Au/a-ZrO2 and Au/t-ZrO2. On the
other hand, more significant loss of activity in the second run in
closed and pressurized system can be observed over Au/m-ZrO2
sample due to the inevitable product of CO2 could be more easily
adsorbed on the surface basic sites. During the process of base-free
aqueous FA dehydrogenation, there was an existence of H/D ex-
change reaction between solvent of H2O and substrate of HCOOH.
These results may contribute to the design of more efficient metal-
based catalytic systems, especially on heterogeneous gold catalysis,
for clean energy storage/distribution and extended applications of
FA in renewable chemical processes.
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