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genation of a formic acid–
ammonium formate mixture over Au3Pd1 catalyst†

Xiao-Tong Guo, Juan Zhang, Jian-Chao Chi, Zhi-Hui Li, Yu-Chen Liu, Xin-Ru Liu
and Shu-Yong Zhang *

A series of AuPd/C catalysts were prepared and tested for the first time for active and stable

dehydrogenation of a formic acid–ammonium formate (FA–AF) mixture. The catalysts with different Au-

to-Pd molar ratios were prepared using a facile simultaneous reduction method and characterized using

transmission electron microscopy (TEM), high-resolution TEM, energy dispersive X-ray spectroscopy, X-

ray diffraction, and X-ray photoelectron spectroscopy. It was found that the catalytic activity and stability

of the Au3Pd1/C catalyst was the best. The initial turnover frequency for the dehydrogenation of the FA–

AF mixture over the Au3Pd1/C catalyst can reach 407.5 h�1 at 365 K. The reaction order with respect to

FA and AF is 0.25 and 0.55, respectively. The apparent activation energy of dehydrogenation is 23.3 �
1.3 kJ mol�1. The catalytic activity of the Au3Pd1/C catalyst remains ca. 88.0% after 4 runs, which is much

better than the single Pd/C catalyst. The mechanism for the dehydrogenation is also discussed.
1. Introduction

Due to its environmental friendliness and renewability,
hydrogen has received extensive attention as the most prom-
ising energy carrier.1–5 However, the commercial application of
hydrogen is still facing great challenges due to the lack of
credible technologies for the efficient generation, safe storage
and transportation of gaseous hydrogen. Compared to the
traditional physical methods, chemical methods for the storage
and release of hydrogen are usually less expensive, more effi-
cient, easier to handle and much safer.6–8 However, the dehy-
drogenation or conversion of hydrocarbon, methanol, or
ethanol can be only achieved at high temperature with several
harmful by-products hard to separate.9,10 Recently, owing to its
high hydrogen content of 4.4 wt%, low toxicity, safe storage,
easy transportation and efficient direct dehydrogenation, for-
mic acid (FA) has been regarded as an ideal hydrogen storage
medium.11–15 FA can decompose through two competing paths:
dehydrogenation/decarboxylation (1) and dehydration/
decarbonylation (2).15,16

HCOOH(l) / CO2(g) + H2(g) (1)

HCOOH(l) / CO(g) + H2O(l) (2)

CO produced through reaction (2) can poison fuel cell
catalysts.17,18
ing, Shandong University, Jinan 250100,
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Pd, one of the most active catalysts for the dehydrogenation of
FA, also suffers from poisoning due to the trace amount of CO
generated through reaction (2).19 For single Pd catalysts,20–27 only
a few catalysts show suitable activity and stability. Recently, Au
nanoparticles (NPs) or nanoclusters were found to be active for the
dehydrogenation of FA.28–34Theweak adsorption of COandHatoms
on the Au surface is benecial to the catalyst performance.35–39

Although some Au catalysts displayed excellent performances in
both activity and stability, most of them showed relatively low turn-
over frequencies (TOFs) and high activation energies. To improve
the activity of Au catalysts and the poison tolerance of Pd catalysts,
the combination of Pd and Au may be a possible choice. In fact,
a number of AuPd catalysts have been reported with improved
catalytic performances.40–45 The other way to improve the activity
and stability of catalysts is using new fuel systems with low acidity,
high formate anion concentration and catalyst enhancement agents
such as formic acid–sodium formate (FA–SF) mixture or formic
acid–ammonium formate (FA–AF) mixture.46–50

In a previous work, we found that the dehydrogenation
performance of FA–AF mixture was even better than FA–SF
mixture. The Pd/C catalyst exhibited superior catalytic activity
towards FA–AF system with an initial TOF of 7959 h�1 at 323 K.
However, the stability the Pd/C catalyst needs further
improvement.51

In this work, we intend to take advantage of the improved
stability of AuPd/C catalyst and the higher activity and catalysis
enhancement of FA–AF mixture to develop a new system with
improved dehydrogenation performance. A series of AuPd/C
catalysts with different Au-to-Pd molar ratios were prepared
and tested. The reaction order, apparent activation energy and
the dehydrogenation mechanism are also discussed.
RSC Adv., 2019, 9, 5995–6002 | 5995
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2. Experimental
2.1 Reagents

Palladium chloride (PdCl2) and tetrachloroauric(III) acid
(HAuCl4$4H2O) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Nessler's reagent and
potassium sodium tartrate solution were purchased from Hefei
Enfan Instrument Equipment Co., Ltd. (Hefei, China). All other
chemicals were all of analytical grade. Ultrapure water (Milli-
pore, 18.25 MU cm, Ulupure Science and Technology Co., Ltd.,
Chengdu, China) was used for the solution preparation. All
chemicals were used as received without further purication.
2.2 Preparation of the catalysts

AuPd NPs with different Au-to-Pd ratios supported on Vulcan
XC-72 carbon black were prepared using a facile impregnation-
NaBH4 reduction method without the addition of any stabi-
lizer.45 For the preparation of Au3Pd1/C catalyst, 108.0 mg of
Vulcan XC-72 carbon black was dispersed in 200mL of H2O with
ultrasonication for 1 h. Then, a solution containing 0.9 mmol of
HAuCl4 and 0.3mmol of H2PdCl4 was added into the Vulcan XC-
72 carbon black suspension. Subsequently, 150 mL of a freshly
prepared 0.16 mol L�1 NaBH4 solution was dripped into the
suspension under strong stirring. Aer stirring for another 8 h
at 30 �C, the Au3Pd1/C catalyst was ltered, washed with ultra-
pure water, and dried under vacuum at 25 �C overnight. The
catalysts with different Au-to-Pd molar ratios of 0.5 : 1, 1 : 1,
2 : 1, 4 : 1 and 5 : 1 were prepared following the same procedure
using different amounts of PdCl2 and HAuCl4. For comparison,
Pd/C and Au/C catalysts were also made. The total amount of
metals in each catalyst was kept constant at 1.2 mmol.
2.3 Characterization

The morphologies of the AuPd/C catalysts were characterized
using a JEM-1011 transmission electron microscope (TEM,
JEOL, Japan). The crystallographic information of the AuPd/C
catalysts was collected using a D8 Advance X-ray diffractom-
eter (XRD, Bruker, Germany) and a JEM-2100 high-resolution
transmission electron microscope (HRTEM, JEOL, Japan),
respectively. The elemental composition of the catalyst was
determined with an INCA Sight X energy-dispersive spectro-
scope (EDX, Oxford, USA). The XPS spectra were taken with an
ESCALAB 250 X-ray photoelectron spectroscope (XPS, Thermo
Fisher SCIENTIFIC, UK) equipped with an Al-Ka excitation
source. The Au/Pd molar ratio was analyzed with an Agilent
5110 inductively coupled plasma-optical emission spectrometer
(ICP-OES, Agilent Technologies, US).
2.4 Catalytic performance of the catalysts

A two-necked round-bottomed ask placed in an oil bath with
a magnetic stirrer was used as the reactor. One neck of the ask
was connected to a spherical condenser and then to a series of
wash bottles containing 2.5 mol L�1 CuCl solution and
8 mol L�1 NaOH solution for the removal of CO and CO2,
respectively. Aer purication, the hydrogen generated from
5996 | RSC Adv., 2019, 9, 5995–6002
the ask was gathered in a gas burette. Prior to the reaction,
60 mg of AuPd/C catalyst was put in the ask, heated to a pre-set
temperature and maintained at that temperature for 30 min to
reach thermal equilibrium. The reaction was initiated by adding
10 mL solution containing 3 mol L�1 of FA and 3 mol L�1 of AF
at 365 K through a constant-pressure dropping funnel con-
nected to the other neck of the ask. The volume of hydrogen
released from the reactor was monitored using the gas burette.

2.5 Kinetic study of the dehydrogenation

The effect of the FA–AF total concentration on the dehydroge-
nation was evaluated over 60 mg of Au3Pd1/C catalyst using
0.02 mol of FA–AF mixture with the same molar fraction of FA
(xFA) ¼ 0.5 but different solution volumes. To determine the AF
reaction order, a series of tests were performed over 60 mg of
catalyst in 5 mL of FA–AF mixture with 5 mol L�1 FA and AF of
different concentrations (1–7.5 mol L�1) at 365 K. The reaction
order of FA was determined by performing several tests in 5 mL
FA–AF mixture with 5 mol L�1 AF and FA with concentration
varying from 1 mol L�1 to 5 mol L�1. The apparent activation
energy of the dehydrogenation was determined over 60 mg of
AuPd/C catalyst at different temperatures from 325 K to 365 K
with a temperature increment of 10 K.

2.6 Stability of the catalyst

Aer each run of dehydrogenation, the catalyst was ltered
from the FA–AF mixture, washed with ultrapure water and dried
under vacuum at 298 K overnight. Then, the recovered catalyst
was used for the subsequent runs.

2.7 Purity of hydrogen

Because CO and NH3 may produce due to the dehydration of FA
and the hydrolysis of AF, the purity of the hydrogen generated
from the FA–AF mixture was analyzed. The CO content was
analyzed using GC-7920 (GC, Beijing Zhongjiao Jinyuan Tech-
nology Co., Ltd., China) with thermal conductivity detector
(TCD) and ame ionization detector (FID)-Methanator (detec-
tion limit: �5 ppm for CO). The NH3 content at different
temperatures was monitored with an EFD-NH precision
ammonia-nitrogen analyzer (Hefei Enfan Instrument Equip-
ment Co., Ltd., China) using Nessler's reagent spectrophotom-
etry (l ¼ 420 nm). The NH3 detection limit is 0.02 mg L�1

(calculated by N). The instrument error is £�5%. The total
volume (VH2+CO2

) of CO2 and H2 was recorded aer removal of
NH3 with dilute H2SO4 solution. For further determination, the
solution containing NH4

+ was diluted to 25 mL with dilute
H2SO4 solution.

3. Results and discussion
3.1 Structure and morphology of the catalyst

According to the TEM images of the newly prepared AuPd/C
catalysts with different Au-to-Pd ratios shown in Fig. 1(A) and
S1,† the mean particle sizes of Au0.5Pd1/C, Au1Pd1/C, Au2Pd1/C,
Au3Pd1, Au4Pd1/C and Au5Pd1/C catalysts were 4.86, 4.29, 4.25,
4.18, 4.78 and 5.33 nm, respectively. The Au3Pd1 NPs with the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) TEM image with the particle size distribution, (B) HR-TEM image, and (C) EDX spectrum of the newly prepared Au3Pd1/C catalyst. (D)
XRD patterns of the newly prepared and recovered Au3Pd1/C catalysts after different experimental runs.

Fig. 2 XRD patterns of the newly prepared AuPd/C catalysts with
different Au/Pd molar ratios.
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least particle size were uniformly distributed on the carbon
support. According to the HR-TEM image shown in Fig. 1(B),
a face-centred cubic (fcc) structure with a (111) facet lattice
spacing of 0.230 nm can be observed. This lattice spacing is
between the (111) spacing of fcc Au (0.236 nm, JCPDS le: 04-
0784) and that of fcc Pd (0.225 nm, JCPDS le: 46-1043), sug-
gesting the formation of AuPd alloy. The EDX spectrum shown
in Fig. 1(C) shows the presence of both Au and Pd in the catalyst.
The ICP-OES results of each catalysts are shown in Table S1.†
The discrepancy between the expected AuPd composition and
the conrmed composition in the resultant catalysts is small.
According to Fig. 2, the characteristic diffraction peaks in the
XRD patterns appear at a position between the Au and Pd peaks,
which also suggests the formation of AuPd alloy.40,45 Meanwhile,
the position of the diffraction peaks shis towards lower angles
as the Au/Pd ratio increases, which is benecial for electron
transfer from Au to Pd.52

The binding energies of 83.71 eV, 87.36 eV, 84.70 eV, and
88.18 eV in the high-resolution Au 4f XPS (Fig. S4(B)†) spectrum
correspond to Au0 4f7/2, Au0 4f5/2, Au+ 4f7/2, and Au+ 4f5/2,
respectively. The binding energy of Au 4d5/2 (335 eV) is close to
that of Pd 3d5/2 (335.1 eV),53 which leads to the difficulty to
separate the peak of Au 4d5/2 from the high-resolution XPS
spectrum of Pd 3d (Fig. S4(C)†). The chemical states of Pd are
Pd0 (Pd 3d5/2, 334.50 eV; Pd 3d3/2, 340.15 eV), Pd2+ (Pd 3d5/2,
336.55 eV, Pd 3d3/2, 341.10 eV), and Pd4+ (Pd 3d5/2, 338.30 eV; Pd
3d3/2, 342.80 eV).54,55 From the XPS results shown in Fig. 3,
This journal is © The Royal Society of Chemistry 2019
compared to Pd/C catalyst, it can be seen that a negative shi of
the binding energy of Pd 3d in all AuPd/C catalysts, suggesting
that Au may act as a cocatalyst which adjusts the electronic
properties of Pd, consistent with the previous reports.43,54,56

Moreover, the difference of the work functions of Pd (5.67 eV)
and Au (5.54 eV) could also lead to the electron transfer from Au
to Pd in AuPd alloy.57 The low activity of single Au/C catalyst
RSC Adv., 2019, 9, 5995–6002 | 5997
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Fig. 3 High-resolution XPS spectra of (A) Pd 3d and (B) Au 4f in the newly prepared AuPd/C catalysts with different Au/Pd molar ratios.
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shown in Fig. S3† also backs up this conclusion. The reduced
binding energy of Pd in AuPd catalyst reduces the interaction
between Pd surface and CO or H atoms,35,39,56 which is benecial
for the stability of the catalyst as revealed in Fig. S3.† The
surface composition of the AuPd catalyst was characterized
using XPS. According to the XPS results shown in Table S2,† the
surface Au content is less than the overall content, suggesting
surface enrichment of Pd in the AuPd catalysts.
3.2 Effect of catalyst composition

According to the catalytic performances of Pd/C, Au/C and
Au3Pd1/C catalysts in the FA–AF mixture shown in Fig. S3,† both
the catalytic activity and stability of the Au3Pd1/C catalyst is
much better than that of the Pd/C and Au/C catalysts. The
dehydrogenation rate of the Pd/C catalyst is fast at beginning
but slows down rapidly, suggesting poor stability.

The effect of the Au–Pd molar ratio on the dehydrogenation
and the dependence of initial TOF on the molar ratio of Au–Pd
are shown in Fig. 4. The Au–Pd molar ratio has a signicant
effect on the catalytic activity with the optimal composition of
Fig. 4 (A) Effect of the Au–Pd molar ratio on the dehydrogenation of 10
dependence of initial TOF on the Au–Pd molar ratio.

5998 | RSC Adv., 2019, 9, 5995–6002
Au3Pd1. Therefore, the Au3Pd1/C catalyst was chosen for further
study.

For the Au3Pd1/C catalyst, the H2 volume can reach 750 mL
aer 3 h of reaction, corresponding to an initial TOF for the rst
1 h of 99.2 h�1. 750 mL of H2 corresponds to the complete
dehydrogenation of FA and 11.6% dehydrogenation of AF.51
3.3 Kinetic and mechanism study

As shown in Fig. 5, the initial rate of dehydrogenation increases
with increasing the total FA–AF concentration, while the
maximum hydrogen volume does not change signicantly. The
complete decomposition of FA and 37.1–47.3% decomposition
of AF were observed. The detail information is given in Table
S3.†

According to Fig. 6(A), the dehydrogenation rate signicantly
increases with an increasing concentration of AF. In Fig. 6(B),
there is a linear relationship between the logarithm of the initial
TOF for the rst 10 min and AF concentration with a slope of
0.55 and a linear correlation coefficient, R2 ¼ 0.99. Therefore,
the reaction order with respect to AF is 0.55. Similarly,
mL FA–AF mixture with 3 mol L�1 FA and 3 mol L�1 AF at 365 K; (B) the

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09534e


Fig. 5 Effect of the total concentration of FA–AF mixture on the H2

generation over 60 mg of Au3Pd1/C catalyst from FA–AF mixtures with
0.01 mol FA and 0.01 mol AF at 365 K.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 8
:3

5:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
according to Fig. 6(D), a reaction order with respect to FA is 0.25.
The rate equation for the dehydrogenation of FA–AF mixture
over Au3Pd1/C catalyst is:

r ¼ k[HCOOH]0.25[HCOONH4]
0.55 (3)
Fig. 6 (A) The effect of AF concentration on the H2 generation from 5 m
rate vs. AF concentration; (C) the effect of FA concentration on the H2 g
logarithm of reaction rate vs. FA concentration. The experiments were c

This journal is © The Royal Society of Chemistry 2019
Eqn (3) suggests that the dehydrogenation rate of FA–AF
mixture over Au3Pd1/C catalyst is more sensitive to the AF
concentration. The fractional reaction orders of FA and AF
suggest that the mechanism of dehydrogenation of the FA–AF
mixture is complicated. The higher partial reaction order of AF
in eqn (3) may be ascribed to three cases. For Case I, the HCOO�

with a rather higher concentration is a reactive intermediate,46,58

and the existence of HCOO� is conducive for FA to form a “H-
down” adsorption conguration on the catalyst surface,59,60

benecial for the dehydrogenation of FA. For Case II, HCOO�

forms an equilibrium with HCOOH:

HCOOH # HCOO� + H+ (4)

Once FA is consumed, the equilibrium shis le and
replenishes FA, contradicting the decrease in the reactant
concentration and reaction rate. For Case III, AF decomposes
over the catalyst with a higher rate.

For Case I, AF does not take part in the reaction; for Case II,
a linear response with the same reaction order as that of FA
should be observed, which is not consistent with the experi-
mental results; for Case III, AF with a higher dehydrogenation
activity can indeed exhibit a higher reaction order.
L FA–AF mixture containing 5 mol L�1 FA; (B) the logarithm of reaction
eneration from 5 mL FA–AF mixture containing 5 mol L�1 AF; (D) the
onducted over 60 mg of Au3Pd1/C catalyst at 365 K.

RSC Adv., 2019, 9, 5995–6002 | 5999
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For Case III, AF decomposes following eqn (5):

HCOO� þH2O!cat HCO3
� þH2[ (5)

HCO3
� can react with concentrated FA according to eqn (6):

HCO3
� þHCOOH!cat HCOO� þH2Oþ CO2[ (6)

Thus, the overall reaction for dehydrogenation of FA can be
written as:61

HCOOH!cat H2[þ CO2[ (7)

Eqn (7) suggests that, when there is sufficient FA, AF will not
decompose. In other words, in FA–AF mixture, FA will decom-
pose rst with AF serving as a catalyst.

When FA is completely consumed, AF begins to decompose
through the following reactions:62

HCOONH4 / HCOO� + NH+
4 (8)

HCOO� þH2O!cat HCO3
� þH2[ (9)

HCO �
3 + NH+

4 # H2O + NH3[ + CO2[ (10)

Eqn (10) is a double hydrolysis reaction with the hydrolysis of
HCO3

� and NH4
+ enhancing each other. At this moment, the

overall reaction is

HCOONH4 !cat NH3[þH2[þ CO2[ (11)

For FA–AF system with a high concentration of FA, H+ is
plentiful such that the supply of H+ does not depend on the
hydrolysis of NH4

+.50 The presence of a high concentration of FA
can block the direct dehydrogenation of AF. However, if the
reaction rate of eqn (9) is not fast enough, there is a possibility
for the FA–AF system to sent off NH3 which is harmful for the
further application of hydrogen. NH3 as a possible contaminant
should be concerned.
Fig. 7 (A) Effect of temperature on the dehydrogenation of 5 mL FA–AF
catalyst; (B) Arrhenius plot of the dehydrogenation.

6000 | RSC Adv., 2019, 9, 5995–6002
According to Fig. 7(A), the initial dehydrogenation rate
increases with increasing reaction temperature. The FA–AF
mixture with 5 mol L�1 FA and 7.5 mol L�1 AF offers the highest
initial TOF of for the rst 10 min of 407.5 h�1 over the Au3Pd1/C
catalyst at 365 K. The increased dehydrogenation activity of FA
over the AuPd-based catalysts can also be conrmed.36,45

According to Fig. 7(B), the apparent activation energy was 23.3�
1.3 kJ mol�1, lower than that of some previous reports (Table
S4†). On the other hand, the AuPd/C catalyst used in this study
is prepared without addition of any stabilizer, and the prepa-
ration procedure is more producible and facial than that re-
ported elsewhere.
3.4 Stability of the catalyst

The stability of the catalyst was investigated by using the
recovered Au3Pd1/C for subsequent dehydrogenation runs.
According to Fig. 8, the maximum H2 volume produced over the
newly prepared Au3Pd1/C catalyst was 856.0 mL. For the 2nd,
3rd and 4th run, the maximum H2 volumes produced over the
recovered Au3Pd1/C catalysts were 786.3 mL, 704.0 mL, and
769.5 mL, respectively. Therefore, the maximum H2 volume for
the 4th run remains ca. 88.0% of the rst run. This result
suggests that the stability of the Au3Pd1/C catalyst is much
better than that of the single Pd/C catalyst as we expected.51

In Fig. S2,† according to the TEM images and the particle
size distribution, the mean particle size of the recovered Au3Pd1
NPs was 4.46 nm aer the rst run and 4.43 nm aer the fourth
run. This means the aggregation of the Au3Pd1 NPs during
dehydrogenation is not obvious.
3.5 Purity of hydrogen

According to the above results, the FA–AF mixture with
5 mol L�1 FA and 7.5 mol L�1 AF over the Au3Pd1/C catalyst at
365 K is an appealing system with enhanced activity and
improved stability for hydrogen generation. However, owing to
reactions (2), (10) and (11), CO and NH3 may possibly generate
during dehydrogenation. These two contaminants are both
harmful to the Pt catalyst used in hydrogen–oxygen fuel cell. It
mixture containing 5 mol L�1 FA and 7.5 mol L�1 AF over the Au3Pd1/C

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Dehydrogenation of 5 mL FA–AF mixture containing 5 mol L�1

FA and 7.5 mol L�1 AF over 60 mg of newly prepared and recovered
Au3Pd1/C catalysts at 365 K.
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was found that even the content of NH3 is as low as 1 ppm, it can
signicantly deteriorate the performance of the proton
exchange membrane fuel cells (PEMFC).63–65 Therefore, the
content of CO and NH3 in hydrogen was both monitored.

According to the results shown in Fig. S5 and S6,† the
content of CO is less than the detection limit (ca. 5 ppm). This
means that the production of CO is not obvious for our new
system. According to Fig. S7,† the content of NH3 changes with
temperature. At 365 K, the NH3 content is very high due to the
enhanced double hydrolysis as shown in eqn (10) and the
reduced solubility of NH3 in water. If we reduced the reaction
temperature, the NH3 content in hydrogen reduced signi-
cantly. However, even if the reaction temperature is reduced to
325 K, the NH3 content still remains at 29.6 � 4.6 ppm, which is
still higher than the permitted value. This is can be attributed to
the small rate of eqn (6). If we want to use FA–AF mixture and
Au3Pd1/C catalyst for hydrogen production, more effort should
be made to accelerate eqn (6) and reduce reaction temperature
without obvious lowering of the catalytic activity.
4. Conclusions

Compared to the single Pd/C catalyst, the Au3Pd1/C catalyst
exhibits improved activity and stability towards the dehydro-
genation of FA–AF mixture. The reaction order with respect to
AF and FA is 0.55 and 0.25, respectively. The dehydrogenation
mechanism for FA–AF mixture is complicated. AF acts as
a catalyst for the dehydrogenation of FA and can also undergo
dehydrogenation even if FA is enough. Further effort should be
made to reduce the NH3 content before the FA–AF mixture with
Au3Pd1 NPs serving as catalyst can be used as promising
hydrogen storage materials.
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