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Dehydrogenation of Formic Acid
by Heterogeneous Catalysts
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Abstract: Formic acid has recently been considered as one of the most promising hydrogen storage materials.
The basic concepit is briefly discussed and the research progress is detailledly reviewed on the dehydrogenation
of aqueous formic acid by heterogeneous catalysts.
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1. Introduction

With the continuing increase in global
energy demand, sustainable and benign
energy sources are required to reduce the
dependence on fossil fuels, greenhouse gas
emissions and other pollutants.[l:2l Among
the various known energy carriers, hydro-
gen, which has been considered as one of
the ultimate energy vectors to connect a
host of energy sources to diverse end us-
ers for ‘mobile applications’, has been
identified as a secure and clean energy
carrier.3-1 However, safe storage and re-
lease of hydrogen are widely known to be
challenging for technologies toward the
hydrogen-energy-based economy. Some
hydrogen storage systems, such as cryo-
genic liquid/gas containers, high pressure
gas containers, porous materials including
zeolites, carbon nanotubes, metal-organic
frameworks, and so on, suffer from some
obstacles in safety (high pressure or low
temperature) and efficiency (low volumet-
ric and gravimetric densities of hydrogen).
[6-91 Alternatively, chemical hydrogen stor-
age thatinvolves storing hydrogen in chem-
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ical hydrogen storage materials by means
of chemical bonds is one of the efficient
and safe techniques. Although the solid-
state chemical hydrogen storage materials
show high hydrogen capacities, some in-
evitable drawbacks, such as relatively low
catalytic activity for releasing H,, high
temperatures required to desorb H, and de-
terioration with successive cycling, severe-
ly limit their practical applications.l10-13]
Another promising hydrogen storage
process relies on liquid-phase chemical
hydrogen storage materials. Recently, in
order to conveniently release hydrogen
under mild conditions, the search for safe
and effective liquid-phase hydrogen stor-
age materials is urgent to meet the required
transportation requirements. Hydrolysis of
boron-based inorganic chemical hydrides,
in particular NH,BH, and N,H BH,, which
have the hydrogen capacities of 19.6 and
15.3 wt%, respectively, has been shown
to be a promising hydrogen storage ap-
proach.[14-18] Moreover, due to relatively
low toxicity, high energy density and easy
handling, organic liquid compounds like
methanol and formic acid have received
much attention.!19-24

Formic acid (FA, HCOOH), a liquid
at room temperature containing 4.4 wt%
hydrogen, is one of the major products
formed during biomass processing and is
identified as a nontoxic and convenient
hydrogen carrier.25] Hydrogen stored in
FA can be released via a catalytic dehy-
drogenation reaction (Eqn. (1)). However,
carbon monoxide (CO), which is a fatal
poison to catalysts of fuel cell, can also be
generated through an undesirable dehydra-
tion pathway (Eqn. (2)), depending on the
pH values of the solutions, catalysts and
the reaction temperatures.[26-281 Only gas-
eous products (H,/CO,) are formed from
dehydrogenation of FA (Eqn. (1)), without
generation and accumulation of byprod-
ucts, endowing itself with an important
advantage over other hydrogen carriers,
especially for portable use.

HCOOH — H, + CO2

AG,,, =—48.8 kJ mol" M
HCOOH — H,0 + CO o
AG,,.. =—28.5 kJ mol™

298K

Until now, the most widely investigated
systems have been homogeneous catalysts
for the decomposition of formic acid.
Selective dehydrogenation of FA with-
out CO generation using homogeneous
catalysts at near-ambient temperature has
been reported by Beller, Laurenczy and
others.[29-36] Recently, state-of-the-art het-
erogeneous catalysts exhibit high catalytic
activities near room temperature, yield-
ing high-quality hydrogen without or with
low-concentration CO for decomposition
of FA.[24.37]

In this short review the recent advanc-
es in the use of FA for chemical hydrogen
storage will be discussed with emphasis
on its dehydrogenation by heterogeneous
catalysts.

2. Development of Heterogeneous
Catalytic Dehydrogenation of
Formic Acid

The decomposition of FA in the pres-
ence of heterogeneous catalysts was re-
ported firstly by Sabatier in 1912.138] Since
then, this reaction has served as a conve-
nient model reaction to test various theo-
ries of catalysis on the surfaces of hetero-
geneous catalysts.[3%-4! Riendcker system-
atically investigated the decomposition of
FA vapor over wires of Cu, Ag, Au, CuAu
and AgAu alloys under normal pressure.[42]
Compared with the pure metals, the bime-
tallic alloys exhibited faster reaction rate.
Later, Rienécker et al. measured the activ-
ity of many types of heterogeneous cata-
lysts, mainly metals and alloys of transi-
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tion metals, such as Fe, Ni, Cu, Pd, Ag, Pt Table 1. Heterogeneous catalysts for the dehydrogenation of aqueous formic acid
and Au, for the decomposition of FA.[43-45]

In 1950, the decomposition of FA over ~ Catalyst Temp. TOF CO  Ref
Ni, Cu and NiCu alloy was systematically [°C] [h!] evolution
investigated.[®1 It was found that the pure  pg/C 25 64 No [50]
Ni showed the highest activity at 253 °C .
with a gas production rate of 20 mL min™ AWZ10, 30 1590 No [52]
cm?, whereas information about the purity ~ Pd/MSC-30 50 2623 No [53]
of the product gas was not given. In 1979, g ab
the decomposition of FA on Cu(100) with LGS EC =) Ll Aly [54]
electron energy loss spectroscopy (EELS) PdAu/C-CeO, 92 227 <140 [55]
was reported.[*7] A stable layer of formate ppm
species was formed at 127 °C, which de-  Pd/basic resin 75 820 <5ppm  [56]
composed to H, and CO, at 152-227 °C. . .

Then, the adsorf)tion and ;eaction of FA on Bdaebasidrean > 200 i | [l
the clean and K-promoted Pd (100) surfac- ~Ag@Pd/C 20 125° No [64]
es was investigated. It was demonstrated 90 626> 84 ppm  [64]
that FA on the clean Pd (100) surface de-

composed below —73 °C to give CO and A AR LA 20 106 . [57]
H, without formation of surface formate. =~ Pd/NH,-MIL-125 32 214 <Sppm  [58]
1481 However, for the K-promoted Pd (100), AgPd/MIL-101 20 848 No [59]
the preabsorbed potassium led to HCOOK

formation on the Pd surface above 127 °C.  £&sPdy, @ZIF-8 80 580 No [60]
The products of the decomposition were  Ag, Pd /rGO 25 105* No [61]
H, ?nd CO, but also CO iq e;qual amounts,  Ay@Pd/N-mrGO 25 802 No [62]
which were strongly stabilized by potas-

Sium. (Co)Ag, Pd, /RGO 50 2739 No [37]

Although excellent decomposition ac-  PtRuBiO_ 80 312 No [74]
tivities were achieved in the egr.ly works, PdAuEu/C 9 387 <100 (75]
most studies on the decomposition of FA

. ppm

have been performed in the gas phase, .

and the reactions require heating above  COp30/AUy35Pdys5/C 25 80 No [76]
100 °C.[39-41 Moreover, these early stud- CoAuPd/DNA-rGO 25 85? No [77]
ies rarely focused on the optimization of Ay P4 /C 25 120 N 78
hydrogen production. A review of Enthaler 10'4? Pous™ Coas © 78]
et al. summarized these early research P dNi@Pd/GNs-CB 25 150 No [73]
efforts.?!l Since the low H, selectivity =~ MCM41-Si-(CH,),PPh,/Ru-mTPPTS 110 2780 <3ppm [81]
under such conditions and the additional Pd-S-SiO, 85 719 No [82]

complexity of creating a hydrogen gen-
eration device were not sufficient for fuel
cell applications, the development of het-
erogeneous catalysts for liquid-phase FA
dehydrogenation is very important. Recent
studies of FA as a hydrogen storage ma-
terial have yielded an increasing amount
of dedicated research.[?>-24281 There have
been a number of reports of heterogeneous
catalysts for the dehydrogenation of aque-
ous FA that mainly focus on low-temper-
ature activity and H, selectivity (Table 1).

2.1 Monometallic Catalysts

In recent years, several works have
been reported on monometallic noble met-
al nanoparticles (NPs) supported on vari-
ous materials as the catalysts for dehydro-
genation of FA in aqueous solution.[50-54]

Our group reported the use of Au NPs
encapsulated in amine-functionalized
silica nanospheres as a stable monometal-
lic nanocatalyst for dehydrogenation of
aqueous FA.[312l Surprisingly, the amine-
functionalized Au@SiO, showed high
catalytic activities and complete selec-
tivity for decomposition of FA to H, and
CO, at 90 °C. Interestingly, the presence
of amine in the silica sphere can make the

3|nitial TOF values calculated for the initial stages of the catalytic reactions. °The TOF values

calculated based on the surface metal sites.

Au NPs highly active, while the Au NPs
supported on silica non-functionalized
by amine were inactive for this reaction,
which could be assigned to a strong metal-
molecular support interaction (SMMSI). It
has been demonstrated that the catalysts of
Au subnanoclusters (~1.8 nm) dispersed
on acid-tolerant ZrO, could selectively de-
hydrogenate the FA-amine mixture.521 The
reaction, catalyzed by Au/ZrO,, was highly
efficient with a 100% hydrogen selectivity
under ambient conditions, and with a high
TOF of 1590 h™" at 50 °C.

Recently, we successfully prepared
well-dispersed ultrafine Pd NPs (2.3 =
0.4 nm) deposited on nanoporous carbon
MSC-30 with a sodium hydroxide-as-
sisted reduction approach. The resultant
Pd/MSC-30 exhibited remarkably high
catalytic activity and complete selectiv-
ity toward dehydrogenation of FA in a
FA-sodium formate (SF) system without
unwanted CO contamination under mild
conditions (Fig. 1).153 It is noteworthy that

the TOF reached a value as high as 2623 h™!
at 50 °C. Even at a temperature as low as
25 °C, complete decomposition of FA with
a TOF of 750 h™! can be readily achieved.
Very recently, Jiang et al. presented an
initial report on metalloid-doped Pd NPs
(Pd-B) for efficient H, production from
aqueous FA-SF at ambient conditions,
over which the TOF reached 1184 h! at
30 °C.534 Furthermore, lower coverage
of CO on Pd-B/C catalyst as compared
to Pd/C was detected by high-sensitivity
ATR-IR measurement, correlated with
enhanced hydrogen production on the for-
mer.54]

2.2 Bimetallic Catalysts

It is well known that the addition of
a secondary metal can alter not only the
electronic properties of the active phase
and adsorption behavior, but also the
metal dispersion/particle size. Currently,
supported Pd-based nanocatalysts have
been demonstrated to be active for the
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Fig. 1. (a) Volume of the predominant MOFs, by using a simple
(a) 500 the generated gas liquid impregnation method, which exhib-
(CO, + H,) versus it excellent catalytic activity with a TOF
time and (b) corre- value of 580 h™!, and a 100% hydrogen se-
sponding TOF values .. .
400 ) lectivity toward dehydrogenation of FA at
of H, generation for 80 °C.[60]
the dehydrogenation )
of FA-SF (1:1) at dif- It has been demonstrated that AgPd
5 3001 ferent temperatures NPs can be successfully assembled on
% over Pd/MSC-30 (n,/  reduced graphene oxide (rGO), a single-
1. N N, = 0.01). Reprinted  layer carbon material, using a facile co-

1004 /

with permission from
ref. [53]. Copyright
2014 Royal Society of
Chemistry.
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dehydrogenation of aqueous FA.[53-641 It
has been found that the introduction of
Au or Ag additive has a remarkable effect
on the stability of the Pd NPs in aqueous
media and enhances the catalytic activ-
ity.[55-641 It has been demonstrated that
PdAu/C has a unique characteristic of
evolving high-quality hydrogen from the
catalyzed decomposition of FA in aqueous
solution at convenient temperature, which
was further improved by the addition of
CeO,(H,0) .55 Compared with the quick
deactivation of Pd/C, PdAu/C with particle
sizes of ~3.5 nm (PdAu) produced lower
CO contamination at 92 °C. Furthermore,
the moderate activity of PdAu/C was
enhanced dramatically by co-deposition
of CeO,. A maximum TOF of 227 h' for
the PdAu/C-CeO, system was obtained at
92 °C, and further increased to 832 h™! at
102 °C, which was mainly attributed to an
alteration of the electronic properties of
the active Pd alloy phase. It has been re-
ported that a basic resin bearing -N(CH,),
functional groups within its macroreticular
structure acted as an efficient organic sup-
port for the active Pd and PdAg (1:2) NPs,
with which high-quality H, via FA decom-
position in a FA/SF = 9/1 aqueous solution

at convenient temperature was achieved
with TOF values of 820 h™' and 1900 h™,
respectively.[56]

Recently, porous metal-organic frame-
works (MOFs), a class of promising hybrid
functional materials, have been used as
unique host matrices to encapsulate metal
NPs within the frameworks by our group,
which proved to be an efficient way to pre-
vent the aggregation of metal NPs.[05-69]
We reported the first active MOF-
immobilized metal catalyst, AuPd/MIL-
101, for complete dehydrogenation of FA
in aqueous solution at a convenient tem-
perature.l3’! In order to improve the inter-
actions between metal and MOF support,
the electron-rich functional group ethylen-
ediamine (ED) was grafted into MIL-101.
The obtained AuPd/ED-MIL-101 (20.4
wt%, Au:Pd = 2.46) exhibited high cata-
Iytic activity for dehydrogenation of FA.
Using a similar strategy, AgPd and Pd NPs
were successfully immobilized in MIL-
101 and NH_,-MIL-125, respectively, and
both the resultant composites displayed
excellent catalytic activities and selectivi-
ties for hydrogen generation from FA.[58-5]
Very recently, highly dispersed AgPd NPs
have been immobilized on ZIF-8, one of

reduction route, wherein the rGO played a
key role as a powerful dispersion agent and
distinct support for the nanocatalysts.[0!]
The resultant Ag, Pd, /rGO exerted 100%
H, selectivity and exceedingly high activ-
ity toward the complete dehydrogenation
of FA at room temperature with an initial
TOF of 105 h™'. Then, ultrafine (1.8 nm)
and well dispersed Au@Pd nanoclusters
were supported on a nitrogen-doped mild-
ly rGO (N-mrGO) without any surfactant
and additional reducing agent, which ex-
hibited much higher activity (TOF value
of 89.1 h™!) than its alloy or monometallic
counterparts toward dehydrogenation of
aqueous FA without using any additive at
room temperature.[62]

Most recently, we developed a non-no-
ble metal sacrificial approach for the first
time to successfully immobilize highly dis-
persed AgPd NPs on rGO, in which the co-
precipitation of Co,(BO,), with AgPd NPs
and the subsequent sacrifice by acid etch-
ing effectively prevented the primary AgPd
particles from aggregation.[371 Particularly
noteworthy is that the resultant ultrafine
AgPd nanoparticles exhibited extremely
high activity (TOF, 2739 h™' at 50 °C) for
the dehydrogenation of FA to generate hy-
drogen (Fig. 2). In addition, the resulted
catalyst can be recycled by washing with
water after each cycle, and the activity re-
mained almost unchanged under the same
reaction condition over 5 cycles.

As an alternative to alloys, core-shell
NPs that contain an inner core of one
or two metal elements and an external
shell of the other metal elements have
shown some unique physical and chemi-
cal properties. PAAu@Au core-shell NPs
supported on activated carbon have been
firstly investigated, which showed much
higher activity and stability compared to
the monometallic Au/C and Pd/C catalysts
for the liquid phase decomposition of FA
at 92 °C (Fig. 3), but the specific activity
data were not given.[%3] A systematic study
has been performed on M@Pd core-shell
NPs (M =Ru, Rh, Pt, Au and Ag).[041 It has
been found that Ag core most effectively
promoted the activity of Pd shell, leading
to significantly enhanced catalytic proper-
ties of the Pd-based catalyst. The resulted
Ag@Pd (1:1) NPs displayed significantly
enhanced catalytic activity for FA decom-
position in comparison with monometallic
Pd with the TOF of 626 h™' at 90 °C.
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Fig. 2. (a) Schematic
illustration of im-

C mobilization of AgPd
NPs on RGO by a

Co0s3(BO:s): non-noble metal
sacrificial approach

Ago.1pdo.9 and (b) volume of the

generated gas (CO,
+ H,) versus time for
the dehydrogena-
tion of FA over (Coy)
Ag, ,Pd, /RGO (molar
ratio of Co:Ag:Pd =
0.08:0.1:0.9) at differ-
ent temperatures (n,
Pd/nFA =0.02, nSF/nFA
=2.5). Reprinted with
permission from ref.
[37]. Copyright 2015
American Chemical
Society.

0 T T T T T T
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Volume of reforming gas (mL)
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Fig. 3. Volume change of reforming gas with
time for 60 mg of the synthesized PdAu@Au
catalyst in 5mL of solution containing 6.64 M
FA and 6.64 M SF at 92 °C. Reprinted with
permission from ref. [63]. Copyright 2010
American Chemical Society.

Up to now, almost all of the heteroge-
neous catalysts reported for FA dehydroge-
nation contain noble metals, such as Pd, Pt,
Ag and Au, which severely restricts their
practical applications due to their high
costs and limited resources. On the other
hand, for FA dehydrogenation, non-noble

metals are easily etched by acidic FA solu-
tion, whereas, when they are incorporated
into the noble metals with the alloy or core-
shell structure, their stabilities under acidic
condition might be enhanced.*-721 PANi @
Pd/graphene nanosheets (GNs)-carbon
black (CB) were prepared via a substitu-
tion reaction between PdNi/GNs—CB and
PdCI, in aqueous solution, which exhib-
ited enhanced catalytic activity and cycle
stability toward FA dehydrogenation.[73!

2.3 Trimetallic Catalysts

An interesting trimetallic system com-
posed of Pt, Ru and Bi oxide has been re-
ported, where the Bi-oxide was co-impreg-
nated on an activated carbon carrier rather
than serving as catalyst support, since no
activity was found in PtRu without Bi-
oxide for FA dehydrogenation.[’ The re-
sultant PtRuBiO_ could catalyze selective
dehydrogenation of FA in aqueous solution
with a low activation energy of 37.3 kJ
mol~' and a TOF of 312 h™! in the first hour
at 80 °C. The promotion effects of three
rare earth elements (REs) (Dy, Eu and Ho)
on the activity of PdAu/C catalyst systems
toward the decomposition of FA have been
investigated in detail.l”>! It was found that

REs could reduce the activation energy of
this reaction and PdAuEu/C showed the
highest catalytic activity for the dehydro-
genation of FA with a TOF of 387 h™! at
92 °C among the REs-promoted PdAu/C
catalysts.[73]

A non-noble metal-based trimetallic
Co,,,Au, . Pd .. nanoalloy catalyst sup-
ported on carbon has been used for dehy-
drogenation of aqueous FA at 25 °C.[76]
The initial TOF and final conversion for
the decomposition of FA could reach a
high value of 80 h™' and 91%, respectively,
without any extra additive at room tem-
perature. In order to enhance the catalytic
performance, their research efforts were
further directed to changing the types of
both non-noble and noble metals and the
supports, and controlling the particle dis-
tribution, size and configuration.[77-78]

2.4 Other Catalysts

As an interesting alternative to depos-
ited metal NPs, the immobilization of high
performance homogeneous catalysts rep-
resents a promising step toward the com-
bination of excellent catalytic performance
of homogeneous catalysts and reusability
of heterogeneous systems. Laurenczy and
co-workers immobilized their highly active
Ru(m1)-meta-trisulfonated triphenylphos-
phine (TPPTS)"! on various supports by
polymer immobilization, ion exchange
and physical adsorption, all of which
exerted high initial activities although
gradual deactivation was observed.8% In
a follow-up study, they prepared a series
of heterogenized catalysts by the reaction
of the Ru(u)-mTPPTS dimer and silica
functionalized with diphenylphosphine
groups via alkyl chains.[8!1 The optimized
catalytic system, MCM41-Si-(CH,) PPh./
Ru-mTPPTS, exerted much higher activity
and stability compared to those of the ho-
mogeneous catalyst with a TOF of 2780 h!
at 110 °C. The dehydrogenation of FA over
single-atom Ru and Pd on mercapto-func-
tionalized SiO, supports in an aqueous FA-
SF solution has been investigated.[32! After
multiple catalyst recycles, the obtained Pd-
S-SiO, gave a TOF over 719 h™' at 85 °C.
Moreover, cheap sulfate salts could accel-
erate the reaction rate by 30—70%, which is
attractive for practical applications.

Recently, several metal oxides have
been demonstrated to be active catalysts
for photocatalytic dehydrogenation of
FA.83-851'TiO, nanorods photocatalytically
decomposed an aqueous FA solution, over
which more than 80% of the FA could be
decomposed within 45 min.[341 A Cu,O pho-
tocatalyst selectively decomposed FA into
CO,/H, in the presence of visible light.[85]
Howeyver, these studies need a source for
radiation and a diluted aqueous solution,
which hinder practical applications of this
approach.
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3. Conclusions

Formic acid has recently been identi-
fied as an environment-friendly hydrogen
storage material not only due to its easy
storage and non-toxicity but also because
of its sole gaseous products (H,/CO,) by
dehydrogenation. Furthermore, CO, can
be hydrogenated back to formic acid using
catalysts under mild conditions, depicting
a CO,-neutral hydrogen storage cycle.[24.34]
In recent years, the rapid development of
high performance catalysts has opened up
the opportunity to fully make use of these
advantages. A large number of highly ac-
tive and robust heterogeneous catalysts,
which could selectively decompose aque-
ous FA to H, and CO, at convenient tem-
perature, have been reported. In addition,
intensive efforts have been made to
investigate and develop cost-effective non-
noble metal catalysts, which is important
for implementation of hydrogen storage
as a global energy solution. Nevertheless,
up to now, the described catalyst systems
and techniques are designed still for small-
scale processes. Further research efforts
are required to make progress especially
for mobile applications.
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