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A B S T R A C T

Formic acid (FA) dehydrogenation has attracted a lot of attentions since it is a convenient method for H2

production. In this work, we designed a self-supporting fuel cell system, in which H2 from FA is supplied
into the fuel cell, and the exhaust heat from the fuel cell supported the FA dehydrogenation. In order to
realize the system, we synthesized a highly active and selective homogeneous catalyst IrCp*Cl2bpym for
FA dehydrogenation. The turnover frequency (TOF) of the catalyst for FA dehydrogenation is as high as
7150 h�1 at 50 �C, and is up to 144,000 h�1 at 90 �C. The catalyst also shows excellent catalytic stability for
FA dehydrogenation after several cycles of test. The conversion ratio of FA can achieve 93.2%, and no
carbon monoxide is detected in the evolved gas. Therefore, the evolved gas could be applied in the proton
exchange membrane fuel cell (PEMFC) directly. This is a potential technology for hydrogen storage and
generation. The power density of the PEMFC driven by the evolved gas could approximate to that using
pure hydrogen.
© 2017 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

Formic acid (FA) is a promising liquid for hydrogen storage and
generation because it is nontoxic under normal conditions,
available from biomass processing or reduction of carbon dioxide,
and has remarkable hydrogen content (4.4 wt%) [1–3]. The
hydrogen from FA is suitable for proton exchange membrane fuel
cell (PEMFC), because the gas evolved from FA has trace or no CO
[3–5]. Hence, this technology has aroused growing interests for FA
dehydrogenation, and many catalysts have been developed for the
FA dehydrogenation reaction [6–14].

The catalysts for FA dehydrogenation can be classified into two
main categories including homogeneous catalysts [4,7,10,15–19]
and heterogeneous catalysts [20–29], which have their own unique
advantages. For example, the homogeneous catalysts based on Ir,
Ru, Rh and Fe organometallic complex usually have high selectivity
and catalytic activity, while the heterogeneous catalysts based on
Pt, Au, Pd, Ag, Co nanoparticles and nano-alloy can be easily
separated, controlled and recycled.
* Corresponding author.
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Some nanocatalysts have been designed for the FA dehydroge-
nation since 2008 [30–35]. However, there are still some
difficulties for these catalysts to be practically applied. For
example, the evolved gas from FA dehydrogenation by some
nanocatalysts contains trace CO, which could occupy the catalytic
active site, and lower down the performance of PEMFC. PEMFCs are
sensitive to the trace CO and the hydrogen generating rate, just a
little CO would poison the catalyst in the PEMFC. The unstable
hydrogen generating rate would also lead to the fluctuation of
generated current, which could damage the electricity equipment.
Therefore, developing a stable catalyst with high selectivity for FA
dehydrogenation is significant.

In this work, we designed a self-supporting fuel cell system, in
which H2 from FA is supplied into the fuel cell, and the exhaust heat
from the fuel cell supported the FA dehydrogenation. To realize the
system, we synthesized a highly active and selective IrCp*Cl2bpym
for FA dehydrogenation in this research. The catalyst shows
excellent catalytic performance for FA dehydrogenation. The
turnover frequency (TOF) was up to 144,000 h�1 at 90 �C, and
7150 h�1 at 50 �C at mild conditions. In addition, no CO was
detected in the evolved gas. Therefore, the evolved gas could be
applied in the PEMFC directly, generating current continuously.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Effect of FA concentration and the proportion of sodium formate (SF) to FA on
the catalytic activity of IrCp*Cl2bpym for FA dehydrogenation. (a) FA concentration
dependence of FA dehydrogenation at 30 �C. (b) Proportion of SF to FA dependence
of FA dehydrogenation at 30 �C, [FA] + [SF] = 6 mol/L.
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2. Results and discussion

2.1. Catalytic performance for FA decomposition

The IrCp*Cl2bpym has excellent catalytic activity for FA
dehydrogenation, but the catalyst can only exhibit its high
catalytic activity after experiencing a catalyst activation process.
Fig. 1 a exhibits the gas generation after the catalyst being added in
the FA solution. The gas generation rate was very slow at the
beginning of FA dehydrogenation, but kept accelerating during the
initial 150 minutes. This was the activation process of the catalyst
IrCp*Cl2bpym. Then the catalyst would keep stable and high
activity for the FA dehydrogenation, and the TOF value was up to
2490 h�1 at 40 �C.

Fig. 1b shows the volume of the generating gas during the FA
dehydrogenation. The gas generating rate was very high initially
and then decreased slowly during the FA dehydrogenation. This
could be attributed to the sharp decrease of FA concentration,
because the concentration of FA could exert tremendous influence
on the FA dehydrogenation. When we added another 300 mL FA in
the same reaction solution, the high catalytic activity could recover
quickly (Fig. 1c). Fig. 1c shows that the catalyst could keep the
stable and high catalytic activity for the FA dehydrogenation after
several cycles. 350 mL gas would be generated from 300 mL FA
during 150 minutes. The conversion ratio of FA was up to 93.2% and
no carbon monoxide was detected in the evolved gas (Supporting
information). The high conversion ratio and selectivity could
ensure the hydrogen from FA decomposition to be applied in the
PEMFC directly.

In our previous works, we found the FA concentration and the
proportion of sodium formate (SF) to FA had great influence on the
FA dehydrogenation [32]. Therefore, we also focused on studying
the influence of FA concentration and proportion of SF to FA in this
research. Fig. 2a exhibits the influence of FA concentration on FA
dehydrogenation. As the concentration was lower than 4 mol/L, the
catalytic activity would increase with the FA concentration. The
TOF value would achieve 230 h�1 when the FA concentration was
4 mol/L. Then the catalytic activity would decrease slightly when
the concentration was over 4 mol/L. The catalytic activity was more
sensitive to low FA concentration, and could keep a relatively stable
catalytic activity for the dehydrogenation of high-concentration
FA. This means that the hydrogen would be generated stably if the
IrCp*Cl2bpym was applied for high concentration of FA, and this
was a key step to generating stable current from PEMFCs.

Fig. 2b shows the TOF values obtained in the FA-SF mixture
solutions at different proportions of SF to FA. The proportions had
great influence on the catalytic activity for hydrogen generation
from FA dehydrogenation. The TOF would rise nearly threefold to
655 h�1 at the appropriate proportion of SF to FA. The appropriate
addition of SF could accelerate the FA dehydrogenation rate. The
highest TOF value was obtained when the proportion of SF to FA
Fig. 1. Gas generation from FA dehydrogenation. (a) Gas generation process from FA dehy
FA in 4 mL water at 50 �C. (c) Cycles test of the FA dehydrogenation at 50 �C. Condition
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was 0.5. Higher or lower proportion would decrease the catalytic
rate sharply when the total concentration of FA and SF was 6 mol/L.

The SF could accelerate the catalytic rate. Therefore, we further
studied its influence on FA dehydrogenation at different temper-
atures. Fig. 3a shows the TOF values of FA dehydrogenation in FA or
FA-SF solution at different temperatures. The FA dehydrogenation
rate increased with temperature in both FA and FA-SF solutions.
The TOF values for FA and FA-SF solutions were 230 h�1 and
655 h�1 at 30 �C, and up to 29300 h�1 and 5820 h�1 at 70 �C,
respectively. The gas generation rate in FA solution was obviously
lower than that in FA-SF solution. The higher temperature would
widen this gap of TOFs in FA-SF and FA solution. For example, the
TOF ratio was 2.86 at 30 �C, while the ratio would increase to 5.04 at
70 �C (Fig. 3b). That means the TOF value in FA-SF solution was 5.04
times higher than that in FA solution, and the SF would greatly
increase the reaction rate at higher temperature. The SF may
accelerate some key steps during the FA dehydrogenation, which
we would discuss in the following part.

We could gain Arrhenius equations with temperature depen-
dence of the TOF value. The estimated apparent activation energy
(Ea) for FA dehydrogenation could be calculated through the two
Arrhenius equations (Fig. 3a). The Ea was 81.9 kJ/mol in FA-SF
solution and was 70.4 kJ/mol in FA solution. The different Ea values
revealed that this catalyst exhibited different activities for FA
dehydrogenation in water or FA-SF solution intrinsically. Hence, we
proposed a possible reaction mechanism for the FA dehydrogena-
tion in water or FA-SF solution based on the results discussed above
(Fig. 4).

2.2. Catalytic mechanism for FA decomposition

The catalyst dissolved in water and formed water-coordinated
iridium complex (A), which was the beginning of the catalytic
cycle. The HCOO� coordinated to the complex A, and formed the
formato complex B subsequently (Step II). The HCOO� was derived
from the ionization of FA. As an organic acid, the FA could not
completely ionize in water. Therefore, adding formate salt could
drogenation in the FA-SF mixture solution at 40 �C. (b) Gas generation from 300 mL
: catalyst (4.7 mg).

st for hydrogen production from formic acid, Chin. Chem. Lett. (2017),
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Fig. 3. Temperature dependence of FA dehydrogenation. (a) Arrhenius plot and TOF values of FA decomposition at different temperatures. Black line condition: FA 4 mol/L.
Red line condition: [FA] + [SF] = 6 mol/L, [SF]/[FA] = 0.5. (b) TOF ratio under different conditions at same temperature in a.

Fig. 4. Proposed mechanism for FA dehydrogenation.

Fig. 5. Current generation by H2 from FA dehydrogenation. Polarization curves of
2 cm2 membrane electrode assembly (MEA) with different fuels. Anode and
cathode: Pt loading (0.5 mg/cm2), gas rate from FA dehydrogenation (30 mL/min),
pure hydrogen rate 15 mL/min.
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contribute to raising the HCOO� concentration in water, and
accelerating the reaction rate of Step II. This well explained the role
of SF in FA dehydrogenation. The iridium hydride complex C
formed after the release of CO2 through decarboxylation (Step III).
At last, the iridium hydride complex could react with H3O+ in
water, generating H2 and water-coordinated iridium complex (A).
Then the total catalytic cycle finished (Step IV). The Step IV was a
direct step for H2 generation, which was affected by the H3O+

concentration. Although adding SF could raise the HCOO�

concentration in water and favor the Step II, the H3O+ concentra-
tion would decrease for the alkalinity of SF. Consequently,
excessive SF in water could go against the H2 generation (Step
IV), which had been confirmed in Fig. 2b.

2.3. FA decomposition applied to the PEMFC

The hydrogen from FA decomposition could be applied in
PEMFCs for current generation. The products of FA dehydrogena-
tion were hydrogen and carbon dioxide, and no carbon monoxide
was detected from the evolved gas. Therefore, the evolved gas had
no damage to the catalyst in the PEMFC, and could be applied in the
PEMFC directly. As showed in Fig. 5, the evolved gas from FA
dehydrogenation could generate current directly through an air
breathing PEMFC with 2 cm2 working area. The power density of
fuel cell using this gas could achieve 64 mW/cm2when the gas flow
rate was 30 mL/min at 20 �C. When the same membrane electrode
assembly (MEA) used pure hydrogen as fuel, the power density was
75 mW/cm2. The values of power density of fuel cell using different
Please cite this article in press as: Y. Du, et al., Highly active iridium cataly
http://dx.doi.org/10.1016/j.cclet.2017.05.018
fuel were almost the same if the fuel cell discharged current at
higher current potential or lower current density. Compared with
the pure hydrogen, the hydrogen evolved from FA was much more
convenient and safe for transportation and storage. The FA could
show its great potential for hydrogen storage if this catalyst was
applied and made the mobile hydrogen generation come true.

In this work, we focus on the development of catalyst and the
application of hydrogen in single fuel cell. In future work, we will
integrate the hydrogen production part into the fuel cell system to
make a self-supporting fuel cell system. In the system, H2 from FA
is supplied into fuel cell, and the exhaust heat from fuel cell
supports the FA dehydrogenation.

3. Conclusion

A homogeneous catalyst IrCp*Cl2bpym for FA dehydrogenation
is reported in this work. The catalyst shows high catalytic activity
and selectivity for hydrogen generation from FA. The TOF is as high
as 7150 h�1 at 50 �C, and is up to 144000 h�1 at 90 �C. In addition,
the catalyst can keep a stable catalytic activity for FA dehydroge-
nation after several cycles of test, and the conversion ratio of FA
would achieve 93.2%, no carbon monoxide is detected in the
evolved gas. We furthermore study the influence of FA concentra-
tion and the proportion of SF to FA on FA dehydrogenation, and
propose possible mechanism based on these results. According to
the high catalytic activity and selectivity of the IrCp*Cl2bpym for FA
dehydrogenation, the evolved hydrogen could be applied in the
st for hydrogen production from formic acid, Chin. Chem. Lett. (2017),
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PEMFC directly. The power density driven by evolved hydrogen
could compare favorably with that driven by pure hydrogen.
Attributing to its convenient transportation and safer storage, the
hydrogen from FA dehydrogenation has great potential for the
current generation in the mobile device.

4. Experimental

4.1. Chemicals and materials

All chemicals were commercial and used without further
purification unless specified. Chloroiridic acid (H2IrCl6�6H2O,
Shanghai Tuosi Chemical Co., Ltd, Ir wt% > 35%), formic acid
(HCOOH, Sinopharm Chemical Reagent. Co., Ltd. >98%), ethanol
(C2H5OH, Sinopharm Chemical Reagent, Co., Ltd, >99.7%), 1,2,3,4,5-
pentamethylcyclopentadiene (C10H16, Sun Chemical Technology
(Shanghai) Co., Ltd, 97%), 1,10-phenanthroline (C12H8N2, Sino-
pharm Chemical Reagent, Co., Ltd. >99%), 2,2'-bipyrimidyl(C8H6N4,
China Langchem Co. Ltd, >98%), sodium hydroxide (NaOH,
Sinopharm Chemical Reagent, Co., Ltd, >96%), ether (C4H10O,
Sinopharm Chemical Reagent, Co., Ltd, >99.5%),ultrapure water
was prepared by Thermo PureLab Ultra Genetic. The 1H NMR data
was collected by Varian 400 M.

4.2. Synthesis of [IrCp*Cl2]2

Excess 1,2,3,4,5-pentamethylcyclopentadiene was added into
H2IrCl6 methanol solution. The molar ratio of 1,2,3,4,5-pentam-
ethylcyclopentadiene to H2IrCl6 was about 2.5:1. The mixture was
stirred under reflux for 37 h, and then cooled to 0 �C. The yellow
brown product will be gained after filtration and washed with
ether.

4.3. Synthesis of IrCp*Cl2bpym

200 mg [IrCp*Cl2]2 Ethanol solution was treated with 79 mg
2,2'-bipyrimidyl in a 25 mL round-bottomed flask. The mixture
solution was stirred and heated under reflux for 8 hours. The
insoluble [IrCp*Cl2]2 would dissolve and the solution turned pale
yellow during the reflux. Yellow product could be gained after
removing the ethanol by rotary distillation under reduced
pressure. Synthesis process refer to literature partially (Scheme 1)
[36]. The IrCp*Cl2bpym could also been gained by ligand transfer
between [IrCp*Cl2]2bpym and 1,10-phenanthroline (Supporting
information). [IrCp*Cl2]2bpym was also an outstanding catalyst for
FA dehydrogenation [17].

4.4. FA dehydrogenated by IrCp*Cl2bpym

First, a one-necked round-bottomed flask (25 mL) containing
10 mL FA solution was kept at the preset temperature (20–90 �C) in
a water bath under ambient atmosphere. The measurement started
as soon as the catalyst was added into the solution. A graduated
buret filled with water or a 100 mL syringe was connected to the
reaction flask to measure the volume of evolved gas from FA
Scheme 1. Schematic illustration for IrCp*Cl2bpym synthesis.
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dehydrogenation. The volume change was recorded by a digital
camera. The temperature for volume measurement was kept at
20 �C during the measurements. The evolved gas would be
analyzed by gas chromatography GC-G5 (Beijing Persee General
Instrument Co., Ltd), the gas chromatography assembled with TDX-
1 column, FID, TCD and methanizer, N2 as carrier gas.

4.5. TOF calculation

The TOF calculation here is based on the number of Ir atoms in
catalyst. The calculation equation is

TOF ¼ Patm � Vrate

2 � 8:314 � 293:15 � ncata

Where Patm is the atmospheric pressure (101325 Pa), Vrate is the gas
generating rate (m3/h), ncata is the total mole number of
IrCp*Cl2bpym in the reaction solution, R is the universal gas
constant (8.314 m3Pa/mol/K), and T (293.15 K) is the temperature
of laboratory. Formic acid decomposes through the following
chemical equation, HCOOH ! H2+ CO2. 1 mol formic acid will
generate 1 mol gas (H2 + CO2).
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