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" decomposition (FAD) may happen via the following two

Introduction

Traditional fossil fuels are creating serious climate and envi-
ronmentissues globally [1-3]. Meanwhile, due to theincreasein
energy demand, the global fossil fuel consumptions rate is ex-
pected to double in the next thirty years, which makes their
doomed depletion end come earlier. Therefore, taking advan-
tage of sustainable energy resources, such as wind and solar
energies, is imperative, and has received huge amount of
attention [4,5]. The intermittent nature of solar and wind en-
ergies necessitates for energy storage media and technique for
its efficient on demand release. Hydrogen is an ideal energy
carrier with high energy density, cleanness, and earth abun-
dance. The energy stored in the hydrogen molecule can be
efficiently utilized through a variety of ways, among which
proton exchange membrane fuel cell (PEMFC) is highly attrac-
tive due toits high energy efficiency, environmental benign and
high energy density. There are many viable ways to product
hydrogen, such as water electrolysis [6,7] (Equation (1)), hy-
drogenase route [8] (Equation (2)), and extraction from biomass
such as methanol [9] and formic acid [10—12] (Equation (3)).

2H,0(1l) — 2H,(g) + O,(g)(electrolysis) (1)
2H" + 2Xeduced = Ha + 2Xoxigisea (hydrogenase) )
HCOOH < H, + CO,(homo/heterogeneous catalysis) (3)

Among these solutions, hydrogen production from formic
acid (FA) is a promising route to store and release at room
temperature, with the advantages of high gravimetric (4.4 wt
%) and volumetric (53.4 g/L) H, capacity [12]. As the simplest
carboxylic acid, FA is a colorless and low toxicity liquid at
ambient condition (density = 1.22 g/mL, m.p. = 2815 K,
b.p. = 373.9 K), which can be obtained as an industrial by-
product, through photoelectric catalytic CO, reduction, and
by decomposition of biomass [13]. The liquid phase FA
decomposition (FAD) to yield hydrogen has been realized,
making the H, production at mild condition promising for the
on demand release and utilization in hydrogen fuel cell ve-
hicles. Selectivity is an important issue as it determines the
quality of the final H, gas generated. Depending on the type of
catalysts used and the working condition, such as reactant
concentration and the reaction temperature, formic acid

possible ways [14] (Scheme 1).

In reaction pathway 1, FA decomposes through dehydro-
genation pathway and produces hydrogen and carbon diox-
ide, which is the reverse reaction process of carbon dioxide
hydrogenation. Thus hydrogen can be effectively stored in
formic acid through this cycle. At present, major efforts are
concentrating on carbon dioxide hydrogenation [15], where
several effective techniques have been developed. However,
much fewer efforts have been paid on the FAD to produce
hydrogen, which deserves more attention.

In this review, we will focus on the recent development of
FAD catalysts on both homogeneous catalysts and heteroge-
neous catalysts. We will also give a summary on proposed
future research direction for FAD along with possible obstacles
on the formic acid hydrogen storage that may be encountered.

Homogeneous catalysts for formic acid
decomposition

Over the past few decades, massive efforts were paid to search
for high performance homogeneous catalysts towards FAD. In
1967, Coffey reported that soluble platinum, ruthenium and
iridium phosphine complexes were efficient in selectively
decomposing formic acid into H, and CO, [16]. Since then,
massive research endeavors have been concentrated on the
development of highly efficient noble-metal ruthenium and
iridium complex. Meanwhile, catalysts based on non-noble
metals complex such as iron and copper were occasionally
reported [17—-22].

Ruthenium-based catalysts

In 2000, Puddephatt and co-workers investigated the binu-
clear Ru complex for the dehydrogenation of FA [23]. The

dissolved [Ruy(n-CO)(CO)4(n-dppm),] catalyst in acetone
HCOOH CO; + Hy (1)
HCOOH CO + H,O (2

Scheme 1 — Possible ways for the formic acid
decomposition.
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