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ABSTRACT: Heterogeneous catalytic processes produce the
majority of the fuels and chemicals in the chemical industry and
have kept improving the welfare of human beings for centuries.
Although most of the heterogeneous catalytic reactions occur at the
gas−solid interface, numerous cases have demonstrated that the
condensed water near the active site and/or the aqueous phase
merging the catalysts play positive roles in enhancing the
performance of heterogeneous catalysts and creating novel catalytic
conversion routes. We enumerate the traditional heterogeneous
catalytic reactions that enable significant rate/selectivity promotion
in the aqueous phase or adsorbed micro water environment and
discuss the role of water in specific systems. Some of the novel
heterogeneous reactions achieved with only the assistance of the
aqueous phase have been summarized. The development of reactions
with the participation of the aqueous phase/water and the investigation of the role of water in the heterogeneous catalytic reactions
will open new horizons for catalysts with better activity, improved selectivity, and novel processes.

KEYWORDS: heterogeneous catalysis, water, promotion effect, aqueous-phase reaction, hydrogen production, CH4 oxidation,
Fischer−Tropsch synthesis

1. INTRODUCTION

“Water that bears the boat is the same that swallows it up
(Xunzi)”

This old Chinese motto was recorded in the literature with a
long history of 2500 years. In this motto, water is a metaphor for
the people and the boat refers to the ruler. It advocated a
dominating wisdom to utilize the constructive factors of the
people and also be aware of their destructive power. Similarly, in
the area of catalysis, the real water has been frequently reported
to be a destructive factor which shortens the lifetime of catalysts,
reduces the production of desired compounds, reacts with the
intermediates and products, causing side reactions, and
influences the characterization of working catalysts.1−3 Alter-
natively, the positive properties of water, which benefit the
catalytic performance by significantly promoting the reaction
rate and selectivity, have been reported widely but are still
underestimated.4−6 Therefore, in order to fully exploit the
advantages of water in a catalytic reaction and prevent potential
drawbacks, the design of the reaction system and scientific
insights into the reaction mechanism are essential prerequisites.
The positive role of water in a catalytic reaction can be

classified into noncatalytic and catalytic effects. From a
noncatalytic aspect, water is a green, nontoxic, and inexpensive
solvent that obeys the principles of green chemistry.7 Mean-
while, as an immiscible solvent with respect to the traditional
nonpolar organic solvents, water sometimes facilitates the

product separation as well as catalyst recycling. For example,
in the olefin hydroformylation reaction, Rh-TPPTS complexes
can be extracted to the aqueous phase after a reaction by a simple
acidification post-treatment to achieve high recycling efficiency.8

In addition to these noncatalytic effects, numerous cases have
demonstrated that water can work as a reactant and even a
cocatalyst in heterogeneous catalytic reactions, promoting
reaction rates and product selectivity. Especially, aqueous-
phase reactions have become game changers in a variety of small-
molecule (such as methane) upgrading reactions, enabling the
production of value-added chemicals from inexpensive feed-
stocks that is difficult or even impossible to achieve in gas-phase
reactions.
The special role of water in the catalytic reactions has been

recognized for a long time. Even during the early times of
modern chemistry, Fulhame recorded an accelerated reaction
rate between gold and sulfurated hydrogen in humid air.9 Gedye
has reviewed the promoting effect of water in chemical reactions,
which focused on both experiments and theory.9 The positive
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effects of water in organometallic10 and environmental
reactions11,12 have also been reviewed in a series of classic
reviews. Recently, Resasco and co-workers presented a
comprehensive review on the function of water in catalytic
reactions and detailed water-mediated heterogeneously cata-
lyzed reactions.4 In this perspective, we will briefly review the
structure and function of water in catalytic reactions in section 2
and pay special attention to the important heterogeneous
catalytic reactions that occur in the aqueous phase, including
alcohol or biomass-derived polyol reforming, CH4 activation,
and some other C1 chemistry reactions in section 3. The special
promotion effects of water in these reactions are analyzed in
detail. In section 4, we summarize the novel catalytic processes
reported recently in which water works as both the reactant and
reaction medium. Microscale water environment condensed or
adsorbed on the heterogeneous catalysts that enhances the
reaction performance is stressed in section 5. The scope
discussed will be limited to the classical heterogeneous thermal
catalysis, and only a few cases of photocatalyst that are closely
relevant to the topic are included. We hope this review will shed
light on the better utilization of water/aqueous phase, since
water is not expensive, is easy to use in post-treatment in
catalytic reactions, and achieves better activity, selectivity, and
the development of novel processes.

2. THE STRUCTURE, PROPERTIES, AND CATALYTIC
FUNCTIONSOFWATERAS THEREACTIONMEDIUM

Water is a polar molecule with two hydrogen atoms linked to
one oxygen atom. Under ambient conditions, the length of the
O−H bond is approximately 0.96 Å and the angle between two
O−H bonds is about 104.5°. Due to the nonlinear structure of a
water molecule, the positive and negative charge centers do not
overlap, giving the molecule a large electric dipole moment of
1.85 D.
The strong polarity of water makes it easy to solvate inorganic

salts and hydrophilic organic compounds, which facilitates the
transport of soluble reactants to the active sites (Figure 1a).

When it is used in a nonpolar reaction, water can form strong
polar regions or emulsions that influence the diffusion behavior
of guest molecules and could increase the local concentration of
hydrophilic molecules and strongly polar functional groups.
With this property, the reaction preference and selectivity on
certain catalysts can be tuned.13,14 In addition to the ability to
influence the transport behavior and solvation manner of
reactants and products, an aqueous medium can also modify the
structure and energy of reaction intermediates and transition
states.15 Due to the different degrees of stabilization of the
reactants, intermediates, and transition states, the reaction
barrier and thermodynamics of a reaction or certain elementary
steps can be changed, which accounts for a variety of water-
promoted catalytic reactions,16,17 such as hydration and
dehydration reactions in the aqueous phase.18,19

Water is a good proton donor and acceptor (Figure 1b). As a
result, water is both a Brønsted acid and base. In an aqueous
solution, the acidic or basic properties of relatively weak acid/
base catalysts can be distinguished by different electrolyzed
degrees of water. In contrast, the strong acid/base will be leveled
to the same degree. Similar to the case for liquid acids, solid acids
such as zeolites can also enhance the ionization of water and
make the aqueous reaction medium exhibit the catalytic
behavior of liquid acids.20,21 Meanwhile, the existence of water
can also change the type of acid sites. For example, water tends
to protonate the Lewis acid site and transform the Lewis acid
sites (LAS) into Brønsted acid sites (BAS) in the aqueous
phase.22,23 Due to these properties, aqueous-phase acid/base
reactions generally exhibit special characteristics different from
those of gas-phase reactions.
Water can be the reactant in heterogeneous catalytic reactions

(Figure 1c). In addition to hydration, hydrolysis, and water-gas
shift reactions in which water directly participates in the
reaction, water can also act as the hydrogen source in
hydrogenation processes operated in the aqueous phase. In
this in situ hydrogen formation strategy, certain reductants, such
as a metal hydride,24 carbonmonoxide,25,26 and alcohols,27 react

Figure 1. Schematic presentation of selected functions of water in a heterogeneous catalytic system: (a) working as a solvent to influence the solubility,
transport behaviors, and solvation effects of reactants, intermediates, and products; (b) working as a proton donor/acceptor and as an influential factor
for heterogeneous acid/base catalysts; (c) working as a reactant for the in situ production of active H* in hydrogenation reactions; (d) working as a
cocatalyst to produce highly active oxidizing species in diverse oxidation reactions.
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with water to release H2 or highly reactive atomic hydrogen in
water on the surface of catalysts that further participates in the
hydrogenation reaction.28 Similarly, such a tandem hydro-
genation strategy can be applied to an electro- or photocatalytic

reduction process in which water splitting serves as the hydrogen
formation reaction.29−31

Water serves as a cocatalyst in a variety of oxidation reactions
(Figure 1d). On reaction with oxygen on the surface of catalysts

Figure 2. Schematic presentation of water-promoted heterogeneous reactions inthe aqueous phase. (a) Aqueous reforming reaction of biomass-
derived methanol and polyols: (i) the advantages and privileges of aqueous-phase reforming;50 (ii) the “ultra-shift” achieved in the aqueous-phase
reforming process that reduces the CO concentration;50 (iii) a comparison of the byproduct CO level of reforming catalysts in aqueous-phase and
steam reforming reactions.37,49,53,55 (b)Methane activation in water: (i) summary of the conversion routes of methane in the aqueous phase via partial
oxidation and oxidative carbonylation reactions; (ii) hydrophobic zeolite encapsulated AuPd catalyst for highly efficient methane partial oxidation;69

(iii) Rh1/ZSM-5 catalysts and the methane oxidative carbonylation reaction it catalyzed.67 (c) Aqueous-phase Fischer−Tropsch synthesis: (i)
comparison of the catalytic activity of different Ru- and Co-based catalysts at varying working temperatures in the aqueous phase and an organic
medium;83,84,90,93 (ii) water-assisted CO dissociation over Ru-based catalysts;95 (iii) function of enhanced CO surface coverage and CO termination
probability in the aqueous-phase reaction.
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or on stimulation by an electron field32 and/or photoradiation,33

water can be activated to form highly reactive •OH and •OOH
radicals.34 These species are identified as the key intermediates
for variety of oxidation reactions in the aqueous phase: for
example, the activation of inert C−H bonds.17 In low-
temperature CO oxidation reactions, the existence of these
species has been identified as the main reason for the low-
temperature activity of catalysts in the presence of moisture.5

The special physical and chemical properties of water give the
aqueous phase various properties in heterogeneous catalytic
reactions. To utilize these properties, a significant promotion of
the catalytic performance has been obtained in the conversion of
a series of important and high-economic-impact substrates. In
the following section, we will summarize the catalytic systems
promoted by water feeding/dosing and discuss the role of water
in each reaction.

3. THE PROMOTION OF TRADITIONAL CATALYTIC
REACTIONS IN THE AQUEOUS PHASE

3.1. Aqueous-Phase Hydrogen Production from Primary
Alcohol and Biomass-Derived Polyol Reforming

Hydrogen is considered to be the major sustainable alternative
energy resource in the future.35 The policies targeting reducing
carbon emissions in the near future have placed the renewable
hydrogen energy as one of the major components of the future
energy strategy.36 Hydrogen produced from biomass-derived
alcohols and carbohydrates is considered to be renewable
hydrogen.37−40 The conversion of alcohol hydrogen in a
distributed device is a potential solution of hydrogen production
for underdeveloped regions, where there is a lack of H2
distribution networks and transportation/storage infrastruc-
tures.41 The alcohol molecules can serve as a high-density
hydrogen storage medium for satellite facilities and mobile
application scenarios.42 Therefore, the development of efficient
catalytic systems for hydrogen production from alcohols,
especially under mild conditions, has attracted significant
interest in the past two decades.
The reaction of alcohols with water not only releases the

hydrogen in the organic substrates but also extracts the
hydrogen from water (Figure 2a). Both steam reforming
performing at the gas−solid interface and aqueous-phase
reforming can be used to convert low-boiling-point alcohols
into hydrogen.43−45 From an engineering standpoint, aqueous-
phase reforming does not need to vaporize water and alcoholic
compounds, which reduces the energy consumption and
simplifies the system. The pressurized working conditions
(generally 15−50 bar) of the aqueous phase also benefits H2
separation using facile PSA or membrane techniques. An
aqueous-phase reaction facilitates the addition of soluble
alkaline adsorbates and CO2 capture (Figure 2a−i).46 In
comparison with gas-phase reforming, the aqueous-phase
reaction has a thermodynamic advantage. The enhanced
water-gas shift reaction in the aqueous phase is able to
significantly reduce the CO concentration.47,48 Additionally,
the suppressed partial pressure of CO2 and H2 within the
bubbles can further push the equilibrium forward to achieve a
better CO removal efficiency (Figure 2a-ii). As a result, the
concentration of the CO impurity in the H2 produced from APR
processes is generally below 1% (Figure 2a-iii).49,50

Despite the advantages listed, the choice of the catalyst
structure is essential for a successful aqueous-phase hydrogen
production system. In methanol reforming, the synergy of the

C−H and O−H bond cleavages and the water-gas shift reaction
is the central factor that determines the hydrogen evolution rate.
Although Cu-based catalysts are widely used in steam reforming
systems due to their well-balanced catalytic properties in the
aforementioned steps,51,52 due to the poor stability of Cu under
hydrothermal conditions, scientists have moved to more stable
noble-metal-based catalysts to construct the aqueous-phase
reforming catalysts. For example, Dumesic and co-workers have
proposed that the catalyst Pt/Al2O3 is a potential candidate. The
hydrogen evolution rate reached 40 mmolH2 gcat

−1 h−1 at only
225 °C.37 Other high-performance oxide-supported catalysts
such as Pt/Ga2O3 and Pt/SiO2 have been introduced to the
reforming system due to their excellent hydrogen production
activity.53 In comparison with steam-reforming catalysts using a
noble metal and Ni as active sites,53,54 aqueous-phase reforming
has successfully reduced the CO impurity concentration in the
exhaust from 20−100% to less than 1% (Figure 2a-iii), which
may introduce revolutionary changes in on-site hydrogen
production processes. Recently, Ma et al. have reported that a
face-centered-cubic structure molybdenum carbide supported
Pt is a highly active APR catalyst of methanol.49 In comparison
with the Pt/Al2O3 catalyst, the atomically dispersed Pt on α-
MoC exhibited an H2 production turnover frequency at 18460/
h only 190 °C, nearly 2 orders higher than that of the Pt/Al2O3
catalyst under the same conditions.49 The temperature-
programmed surface reaction (TPSR) and DFT calculations
revealed that the excellent performance of the Pt1/α-MoC
originates from an efficient low-temperature water dissociation
to form surface hydroxyl species on the carbide support, high
C−H cleavage activity on the Pt atom, and the reforming of CO
with hydroxyl groups at the Pt−α-MoC interface. The
experiment also suggested that water enhanced the dissociation
of C−H bonds, which further prevents the poisoning of active
molybdenum carbide surfaces by stable oxygenates. Addition-
ally, the Ni atoms can also work as the C−H cleavage centers.
Benefiting from the α-MoC substrate, the activity of Ni/α-MoC
reached 171 μmolH2 gcat

−1 s−1, 6 times higher than that of Pt/
Al2O3 at 240 °C.55 The CO selectivity was also successfully
suppressed to the 100 ppm level.
For polyols that are hard to evaporate, aqueous-phase

reforming is a more suitable stratergy to produce hydrogen
and prevent potential side reactions such as decomposition and
coking at high temperatures. In the polyol steam-reforming
reaction, the reaction temperature may be over 823 K.56 It has
been observed that an increase in the partial pressure of steam in
the feed can significantly inhibit the formation of CO,57 which
indicates that the use of water as the medium may benefit the
hydrogen evolution. When the reaction occurred in the aqueous
phase, benefiting from the water-gas shift reaction and the
assistance of OH in the cleavage of C−C and C−H bonds,
Demusic and coauthors successfully reduced the reaction
temperature of polyol reforming and prevented the formation
of byproducts.37 With an increase in the carbon numbers in the
alcohol molecules, the ability of C−C bond cleavage becomes
the necessary property of the reforming catalyst to prevent the
formation of undesirable hydrocarbon byproducts.40 On the
basis of this consideration, an evaluation of the metal centers has
been performed and the effectiveness of the metal center has
been found to be in the sequence Pt≈Ni > Ru > Rh≈ Pd > Ir.58

Unlike the steam-reforming reaction, reducible oxide (TiO2,
CeO2, etc.) supported Pt catalysts exhibit relatively low activity
in the aqueous-phase reforming of ethylene glycol and other
biomass-derived polyols (such as glycerol and sorbitol), which is
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probably due to the deactivation of these reducible materials
under hydrothermal conditions. Silica, alumina, zeolite oxides,
and tin-promoted alumina were proven to be relatively good
supports.59 The well-balanced Pt/Al2O3, Ni−Sn, and Ru−Sn are
effective catalysts for polyols, as reported in the literature.60

3.2. Promotion Effect of Water in Aqueous-Phase CH4
Activation

Methane (CH4), the principal component of natural gas and
shale gas, is not only an energy supply but also an abundant C1
feedstock for the chemical industry. Currently, the conversion of
methane into liquid fuels, olefins, and oxygenate chemicals (such
as methanol) is mainly realized through a mature pathway of
methane to synthesis gas and then to downstream products
(Figure 2b-i).61,62 However, the production of syngas from
methane is energy-intensive, consuming over 40% of the total
energy cost and generating a large amount of CO2 emissions.63

Therefore, developing novel processes that are able to convert
methane into value-added chemicals via oxidative catalytic
reactions under mild conditions has become one of the potential
solutions and is an important topic in catalysis research.
However, due to the low electron/proton affinity, low
polarizability, weak acidity, high C−H bond strength (439 kJ
mol−1), and the high ionization energy of a methane molecule,
the activation of methane under mild conditions is very difficult
and requires highly reactive reagents.61 Moreover, as the target
oxygenate products are generally more reactive than the
methane under the same conditions, obtaining a high selectivity
at a relatively high conversion is still challenging. In the gas-
phase reaction, only a few catalysts, such as the Na2WO4-Mn
catalysts, have exhibited a sum of conversion and selectivity of
higher than 100%.64,65 Recent discoveries have revealed that
chemical looping and cyclic operations using Fe- and Cu-
promoted zeolites as the catalysts under stepwise or isothermal
conditions are effective methods to achieve high methanol
selectivity and yield in the gas-phase reaction.66 In a typical
process, methane will first react with the zeolite to form CH3-O-
metal species. The adsorbed methoxy will then desorb after
protonation by the steam to formmethanol products. The active
sites will be further regenerated in the presence of steam or
oxygen under isothermal conditions or at elevated temperature.
In addition to the gas-phase methane activation processes, an
enzyme-catalyzed methane oxidative conversion reaction can
proceed in the aqueous phase using methane monooxygenase
under mild conditions. This has encouraged the investigation of
catalyst development for methane conversion in water.
A number of catalytic systems have been developed in the

aqueous phase to achieve highly selective methane oxidation to
methanol using both H2O2 and O2 as the oxidative
reagents.67−69 Among them, bimetallic AuPd supported on an
oxide support such as TiO2 has been reported to be an active
catalyst to convert methane to methanol using H2O2 as the
oxidant under mild conditions.70 Other oxidation byproducts
include methyl hydroperoxide and formic acid as well as CO and
CO2. However, the AuPd/TiO2 catalysts are not very selective.
The methanol selectivities of the catalysts prepared using
impregnation, deposition precipitation, and sol impregnation
methods are all below 20%.Mechanistic studies revealed that the
high activity of H2O2 is the major reason for the overoxidation.
When H2 and O2 are used as feedstocks to form H2O2 in the
aqueous phase, the selectivity to methanol can increase
significantly to 70%. Later on, using well dispersed AuPd
colloidal particles in the aqueous phase as the catalyst, the

methanol selectivity was further improved to 92%.71 The
intrinsic activity of the AuPd colloid catalysts reached 10.4 mol
kgcat

−1 h−1, nearly 2 times higher than that of methane
monooxygenase. Most recently, Xiao and co-workers have
developed a novel Au-Pd bimetallic catalyst for the methane
selective oxidation reaction.69 By encapsulation of the AuPd
bimetallic metal center in the hydrophobic alkyl chain modified
ZSM-5, the formed H2O2 can be concentrated near the metal
center due to the enhanced mass transfer of the nonpolar H2/O2
molecules and the diffusion limitation of the hydrophilic H2O2
through the modified zeolite. Under the optimized conditions,
the methanol formation rate reached 90.6 mol kgcat

−1 h−1 with a
high selectivity of 92% at 17.3%methane conversion (Figure 2b-
ii).
Zeolite-bonded atomic metal catalysts are another effective

group of catalysts that exhibit considerable activity in the
methane partial oxidation reaction. Fe-ZSM-5 species are the
most active catalysts.72 A detailed structural characterization and
DFT calculation results suggested that the doublet [Fe2(μ2-
OH)2(OH)2(H2O)2]

2+ is the active site for the reaction. H2O2
will be activated on the Fe2 clusters to form an •OOH radical.
The major intermediate of the CH4 activation has been
identified as the methyl hydroperoxide. By release of an •OH
radical, MeOOH will transform into a MeOH molecule.
However, the dissociation of the O−H bond will induce the
formation of formic acid or even carbon dioxide. In addition to
iron-modified zeolites, Cu- and CuFe-based zeolites have also
been applied in the conversion of methane to methanol.72−74

Oxidative carbonylation is another potential pathway for the
conversion of methane to value-added acetic acid in the aqueous
phase. Traditionally, the conversion of methane to acetic acid
can be performed via the transformation of methane to
methanol followed by a carbonylation process with homoge-
neous catalysts (for example, the noble-metal-promoted Ir
carbonyl complex).75 Recently, Flytzani-Stephanopoulos et al.
have reported that Rh single atoms immobilized on the ZSM-5
zeolite were able to catalyze the oxidative carbonylation of
methane directly into acetic acid in the presence of CO and
oxygen in a one-pot process operating in the aqueous phase.67

Under the optimized conditions, about 22 mol kgcat
−1 of

CH3COOH and 0.23 mol kgcat
−1 of CH3OHwere produced in a

3 h reaction, with a selectivity of 60−100%. The reaction
probably occurs with the formation of M-CH3 species and CO
and/or oxygen insertion and ends up with hydrolysis
regeneration steps (Figure 2b-iii). Following a similar strategy,
Ma et al. using Ir clusters as the catalyst also managed to convert
ethane to acetic acid and C3 carboxylic acid in the presence of
both O2 and CO with high chemoselectivity (70% for acetic
acid) and yield in aqueous solution.76 The high coverage of CO
on the metallic clusters played a crucial role in maintaining the
good selectivity to the oxygenate species.
Due to the difficulty in activating methane under mild

conditions, photocatalytic conversion processes have been
investigated in water. Using H2O2 as the oxidant, Tang et al.
have reported FeOOH/Fe2O3-promoted TiO2 to be a selective
catalyst for the methane partial oxidation.77 The average
methanol formation rate reaches 0.345 mol kgcat

−1 h−1. The
good catalytic performance is attributed to the effective electron
separation at the Fe−Ti interface and the low oxygen reduction
overpotentials of the catalysts. Recently, Au-based catalysts were
reported to be efficient in the methane to methanol partial
oxidation reaction using dioxygen as the photocatalyst. Ye et al.
reported a 0.1 wt % Au promoted ZnO system.33 The
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photocatalyst was reported to transform methane and O2 to
•CH3 and •OOH radicals in the aqueous medium, and the
excess amount of water suppresses the overoxidation of
generated methanol to CO2. The methanol formation rate
reached 12.5 mol kgcat

−1 h−1. A nanosheet of black phosphorus
supported Au single atoms activates the methane to −CH3
species.17 Black phosphorus was oxidized in O2 to form surface
POand P−O−P species, which facilitate the oxidation of CH3
by the OH radicals originating from water. In this sense, water
also works as the cocatalyst for the methane oxidation process.
Previous catalytic development has demonstrated that the

aqueous phase is a suitable reaction medium for one-step
methane oxidation to liquid organic compounds. One of the
reasons for the improvement in selectivity on partial oxidation in
the aqueous phase is probably due to the existing surface
hydroxyl group that may inhibit the dissociation of O2 and the
subsequent oxidative dehydrogenation of the methoxy group.16

The aqueous phase effectively stabilizing and assisting in the
formation of the highly reactive •OOH/•OH radicals is another
explanation for the superior performances of the catalysts in
water. However, the role water plays in the methane activation is
still not clear. More experimental and theoretical efforts are
required to unravel this important problem.

3.3. Aqueous-Phase Fischer−Tropsch Synthesis Reaction

Fischer−Tropsch synthesis (FTS) is a catalytic reaction that
converts syngas (a mixture of CO and H2) to hydrocarbons and
valuable oxygenate chemicals.78 Industrialized in the early 20th
century, FTS has been used as a reaction process for
transforming coals into liquid fuels. The FTS reaction can be
catalyzed using Fe, Co, and Ru transition-metal-based materials.
Traditionally, the iron-based catalysts are mainly operated in a
slurry-fluid-bed reactor using a high-melting-point oil and wax as
the reaction medium.79 However, the supported cobalt-based
catalysts16 are generally operated in a fixed-bed reactor.80 It has
been widely found that the water produced and cofed with the
syngas reactants has a significant effect (either positive or
negative) on the activity, selectivity, and stability of the FTS
process (Figure 2c).81,82 What kind of catalytic performance will
appear when the steam further converts into condensed water is
an interesting topic for FT synthesis. In the past two decades,
numerous experimental and theoretical studies have been
performed in this area.
Kou et al. managed to synthesize a well-dispersed Ru colloid

stabilized by polyvinylpyrrolidone (PVP) in the aqueous phase
as the FTS catalyst.83 The freestanding Ru NPs achieved a high
turnover frequency (TOF) of 12.9 molCO molRu

−1 h−1 at only
150 °C, which is more than 1 order higher than that for the
supported Ru/SiO2 catalysts working at 200 °C in a traditional
fixed-bed reactor. The promotion effect of the aqueous phase
was pronounced. The activity of Ru NPs working in the aqueous
phase was about 20 and 10 times higher than those in the alcohol
phase and organic solvents (1,4-dioxane and cyclohexane).
Despite the significant promotion effect on the catalytic activity,
the aqueous-phase reaction exhibits little influence on the chain
distribution of hydrocarbon products. The performance of Ru
NPs in the aqueous-phase FTS reaction shows some structural
sensitivity. The 2.0 nm diameter Ru particles have been
identified as the most active catalysts. Smaller and larger
particles are less active, which is probably due to the inability to
form the B5 active sites on NPs smaller than 2 nm and the
gradually reduced surface density of B5 sites on larger NPs. Later
on, Ma and co-workers reported that the face-centered-cubic

(FCC) structured Ru particles expose even an higher density of
B5-like active sites per unit surface area in comparison to the
thermodynamically stable hexagonal Ru NPs.84 The increase in
active sites was sufficient to compensate for the loss of intrinsic
activity at the active sites on the FCC Ru NPs. The FTS activity
of the FCC Ru NPs is 37.8 molCO molRu

−1 h−1 at 160 °C, which
is 3 times higher than those for the most active HCP Ru NPs.
Liquid-phase soluble ions,85 capping agents,86 and a polymer
stabilizer dissolved in the aqueous phase have also been reported
to tune the activity of Ru FTS catalysts.85,87 Among all of the
tested promoters, Cl−, CO3

2−, and TTAB were reported to
enhance the FTS activity.85 These anionic and organic
promoters can only functionalize in the liquid-phase reaction,
which enriched the mechanistic understanding of aqueous-
phase FTS catalysts. Additionally, unprecedented selectivity to
oxygenate products has been observed over the NaBH4-reduced
Ru NP catalysts in the aqueous FTS.88 Although the reaction
rate over the Ru NPs synthesized in this way is much lower in
comparison with that over H2-reduced Ru NPs, the selectivity of
alcohol and aldehyde is up to 66% in the CO2-free products
(aldehyde/alcohol ratio over 10), which has rarely been
discovered in Ru-based FTS catalytic systems.88 The relatively
high CO termination rate in comparison with the low CO
dissociation rate on the small Ru particles’ lack of step sites was
attributed to be the reason for the high oxygenate selectivity.
The stability of quasi-homogeneous Ru NPs in an aqueous
solution at elevated temperature was evaluated using a
continuous-flow autoclave reactor and scale-up to the 1 L
level.89 The stabilizer/metal ratio has been reported to be the
major factor that determines the stability of the catalysts. Under
the optimized conditions, the CO conversion of the system
remains relatively stable for over 240 h, achieving a C5+ product
yield of 0.51 g gcat

−1 h−1 at 150 °C. This work verified the
potential of aqueous FTS in syngas conversion. In addition to
the freestanding colloidal Ru NPs, the supported Ru-based
catalysts also exhibited competitive activity in the aqueous-phase
FT synthesis. Cases include Ru/TiO2 and Ru/carbon nano-
fiber.90,91

In comparison with ruthenium, reduced 3d metals particles
are less stable under hydrothermal conditions. So far, only Co-
based catalysts have been developed for aqueous-phase reaction
and a few Fe AFTS catalysts have been reported.87,92 Ma et al.
developed Pt-modified Co NPs stabilized by PVP for the
aqueous-phase FTS reaction.93 The added 10% of Pt was
identified to be mainly located at the sublayer of the CoNPs and
modulated the activity and selectivity of the Co overlayer. The
activity of the catalysts was determined to be above 1.0 h−1 at
160 °C with a C5+ hydrocarbon selectivity of over 70%. Davis et
al. also found that the Pt-promotedCo/Al2O3 catalysts exhibited
higher CO conversion rates in comparison to the unpromoted
catalysts in aqueous solution.94 However, the activities of
catalysts in the aqueous phase are similar to those in an organic
medium.
Due to the lack of effective characterization methods dealing

with a solid−liquid interface, the function of the aqueous phase
in promoting the FTS catalyst performance is still exper-
imentally unclear. However, kinetic studies and an investigation
of the function of steam in the traditional gas−solid interface
provide useful information on this topic. For the enhanced
activity, one possible explanation for the high FTS rate at low
temperature in water is the H-shuttling effect (Figure 2c-ii). The
water accommodates adsorbed H as the acceptor and facilitates
the H-assisted dissociation of CO, the rate-limiting step of the
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FTS reaction.95 The aqueous phase also prolongs the residence

time of water on the surface in comparison with steam in the gas

feed, which explains its superiority in promoting the activity of

FTS catalysts. The dense water molecules in the aqueous phase

enhance the CO coverage, which may enhance the probability of

the CO termination step, leading to an enhanced oxygenate

selectivity (Figure 2c-iii).96,97

4. NEW HETEROGENEOUS PROCESSES ACHIEVED IN
THE AQUEOUS PHASE

In this part we will focus on the recently developed new
heterogeneous processes in the aqueous phase where water
works as the reactant in addition to its role as the reaction
medium and catalyst promoter, especially in hydrogenation
reactions employing the in situ generated hydrogen from water
as the H source under moderate conditions. In the traditional
conversion routes, the generation of hydrogen and the

Figure 3. Schematic comparison of traditional (a) and new processes (b) in heterogeneous catalysis for utilization of hydrogen in water in catalytic
hydrogenation reactions. (c) The conversion of biomass with H2O and CO/alcohols as reductants (example reactions (i)−(iii): (i-1) and (i-2)
bifunctional Pt/Mo2C-Pt/C catalyst and its excellent performance for cellulose hydrogenation to polyols).26 (d) The catalytic conversion of CO and
H2O to mixed hydrocarbons and chemicals via synthesis gas reactions (example reactions (i) and (ii), Fischer−Tropsch synthesis and
hydroformylation reactions; (ii-1) and (ii-2) catalytic performance of single-atom Rh catalysts in water and reaction mechanism in an aqueous-phase
hydroformylation reaction using CO and H2O as reactants).107 (e) Chemoselective hydrogenation and hydrofunctionalization reactions using H2O
and CO as reactants (example reactions (i)−(iv)).

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.1c00319
JACS Au 2021, 1, 1834−1848

1840

https://pubs.acs.org/doi/10.1021/jacsau.1c00319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00319?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


utilization of the generated H2 are performed separately via
carbonaceous feedstock reforming and different syngas
procedures and hydrogenation reactions in different specially
designed reactors (Figure 3a). The participation of the aqueous
phase is able to couple the hydrogen generation and utilization
together in a one-pot tandem strategy (Figure 3b). The
exploitation of these new chemical processes generally requires
the existence of hydrogen evolution active sites (alcohol
reforming or water-gas shift active sites, for example) in the
catalyst, which provides considerable promotion in comparison
with the traditional hydrogenation processes in biomass
reduction, syngas processes, and fine chemical hydrogenation
reactions, including activity, selectivity, and poisoning resist-
ance.

4.1. Conversion of Biomass Using H2O as the Hydrogen
Source

The catalytic refinement of lignocellulose is an important and
potential method to convert regenerable biomass products into
value-added chemicals. Typically, the catalytic hydrogenation of
cellulosic biomass directly into polyols in the aqueous phase is
one of the commonly used protocols for the synthesis of
platform molecules.98,99 The key factor lies in the selectivity
control of hydrolysis and cleavage of specific C−C and/or C−O
bonds.100−102 The use of high-pressure hydrogen benefits the
mass transport of hydrogen in the water due to its low solubility
for biomass and enhances the transformation rate. However, the
use of high-pressure pure hydrogen is costly, especially for
distributed biomass conversion facilities. Finding high pressure
H2 free biomass hydrogenation processes by using the H in the
water as the hydrogen source is highly desirable.
The water-gas shift reaction (CO + H2O = CO2 + H2) is one

of the applicable in situ hydrogen production processes. In a
pioneering research work, Li et al. reported the direct conversion
of cellulose using CO and H2O on a Pt-Mo2C catalyst derived
from a carbon thermal reduction method (Figure 3c-i).26 A
detailed structure analysis demonstrated that Pt/molybdenum
carbide and Pt/C active phases coexisted in the catalyst.
Different from the results of conventional Pt/C-catalyzed
hydrogenation/hydrogenolysis of cellulose with high-pressure
H2 (3.7 MPa) as the reductant, the yield of polyols was almost
doubled with a sorbitol selectivity of up to∼100% for Pt-Mo2C/
C using CO and H2O as the hydrogen source. The coexistence
of two different active sites in the Pt/Mo2C/C catalyst was
proposed to be the reason for the excellent performance. The Pt-
Mo2C domain is responsible for the formation of reactive
hydrogen species, while Pt/C serves as the site for the
consequent cellulose hydrogenation. The relatively higher
solubility of CO in the aqueous phase and the highly efficient
WGS reaction that converts the dissolved CO into active H/H2
account for the improved hydrogenation rate of the CO−
water−Pt system. More interestingly, the yield of polyol
products is relatively independent of CO partial pressure over
Pt/Mo2C/C catalysts. This phenomenon suggests that it is
possible to develop a low-pressure biomass hydrogenation to
polyols process based on the Pt/Mo2C/C catalyst.
In addition to CO, organic compounds have also been studied

as the reductants to manufacture hydrogen in situ from an
aqueous phase for the H2-free biomass hydrogenation reactions.
The pertinent biomass conversion reactions include a fatty acid
upgrade to a fatty alcohol, 5-HMF hydrogenation, etc.103,104

However, the organic reductants are generally biomass-derived
small molecules such as C1−3 alcohols and formic acid. In these

reactions, the hydrogen can be fully generated from the organic
hydrogen source dehydrogenation/decomposition reactions
(such as methanol decomposition, isopropanol dehydrogen-
ation) or partially from water using the aqueous reforming
reactions discussed in section 3. In comparison with the former
route, the APR route can activate theH fromwater andmake full
use of the organic sacrificial reagents. However, the tandem
reaction of the APR of organic alcohols and biomass
hydrogenation generally requires harsher conditions. Due to
the mismatch of the suitable conditions of APR of alcohols and
the hydrogenation processes as well as the potential
esterification and etherification between the biomass functional
groups and the excess amount of liquid hydrogen sources, the
product selectivity is usually worse than that for a direct
hydrogenation using dihydrogen as the reductant.105,106

4.2. Catalytic Conversion of CO and H2O to Mixed
Hydrocarbons and Chemicals

As discussed in section 3.3, the aqueous-phase FTS (APFTS)
could effectively reduce the reaction temperature and improve
the equilibrium conversion rate of COwith pronounced activity.
Most noteworthy is the APFTS reaction that leads to the
production of liquid fuels with high selectivity under mild
conditions, especially when ruthenium-based catalysts are used.
On the basis of the advantages of the APFTS reaction by the

promoting effect of water as a mediator, Ma’s group further
proposed a new strategy to couple theWGS reaction and FTS in
the aqueous phase, in which liquid fuels could be generated
directly from CO and H2O without adding the synthesis gas at a
specific H2:CO ratio.25 The construction of a highly efficient Pt-
Mo2C/C + Ru/C combination can directly convert CO and
H2O into a synthesis gas and CO2 mixture and then to liquid
hydrocarbons via a tandem WGS + FTS pathway. The
hydrocarbon formation rate of the mixed catalysts is up to 8.7
mol−CH2− molRu

−1 h−1, and the C5+ hydrocarbon selectivity
reaches 68.4% at 200 °C, which are comparable to those of the
conventional APFTS process using synthesis gas as reactant.
In addition to the Fischer−Tropsch synthesis, CO + H2O can

also be applied in the hydroformylation reaction. Li et al.
reported the hydroformylation of styrene with CO and in situ
hydrogen generated from CO WGS reactions on a Rh single-
atom catalyst (Figure 3d-i).107 Different from those heteroge-
neous hydroformylation catalysts with high branched aldehyde
selectivity, Rh1/CeO2 exhibits a strong chemoselectivity
(∼73%) to the linear aldehydes. Detailed studies revealed that
the hydrogen generated in situ from the water-gas shift reaction
is critical to obtaining a high regioselectivity of the linear
products (Figure 3d-ii).
4.3. Chemoselective Hydrogenation and
Hydrofunctionalization Reaction Using H2O and CO as
Reductants

The utilization of water as the liquid hydrogen source is not
limited to the reactions performed at the relatively high
temperature that is the suitable condition for catalytic water-
gas shift and aqueous-phase reforming reactions. In the low-
temperature region, the catalytic transfer selective hydro-
genation (CTH) of aniline derivatives has been achieved in
the aqueous phase (Figure 3e). He et al. reported the first
heterogeneous hydrogenation of nitro compounds with CO and
H2O by TiO2-supported fine Au clusters (CO + H2O +
nitrobenzenes → anilines + CO2).

108 Different from the
traditional understanding that the hydrogenation might proceed
with the in situ generated H2 from WGS, a control experiment
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with H2 as the reductant showed no conversion of substrates.
The reasonable mechanism was that CO-induced reduction of
H2O promoted the formation of transient Au−H species, and
the hydrogen-delivery rate was higher than those for conven-
tional Au-catalyzed hydrogenation processes. More interest-
ingly, the reduction of a series of structurally diverse nitro
compounds are all selective to the corresponding amino

aromatics, regardless of the presence of −CC, −CN, and
−CO groups or dinitrobenzenes.109−115 Despite the excellent
selectivity of Au(vs)/TiO2, the transformation rate of this
system is relatively limited. At low conversion, the average
turnover frequency is only ∼100 h−1, which might be due to the
inability of the Au based-catalyst to form the unstable Au−H
species.

Figure 4. (a) Representative role of water as a cocatalyst for oxidation reactions in heterogeneous catalysis: ((i), (ii)) proposed reaction mechanism,
potential energy diagram, and reaction pathways in catalytic CO oxidation;5 (iii) reaction profile for the oxidation of glycerol over Au/C in liquid water
and isotopic water; (iv) reaction scheme for the oxidation of alcohols to acids over a gold surface in water at high pH. Hydroxide facilitates elementary
steps in alcohol oxidation both in the solution phase and at the metal−solution interface.34 (b) Modulated surface properties of a catalyst by water
dissociation for selective hydrogenation reactions: (i) DFT-derived dissociative adsorption energies (ΔEdis) for C1−C4 alcohols and H2O on α-
MoC(111) surfaces; effects of added H2O on (ii) product yields of furfural hydrogenation and (iii) conversions of furfuryl alcohol on α-MoC catalysts
(FA for furfuryl alcohol, 2-MF for 2-methylfuran).127 (c) Water-promoted selective hydrogenation of quinoline in the aqueous phase.128
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Later on, Lin et al. improved the nitroaromatic reduction
activity using CO and H2O as the hydrogen source with
atomically dispersed Pt on an α-MoC support as the catalyst.28

For the hydrogenation of nitrobenzenes, Pt1/α-MoC shows 99%
chemoselectivity with 100% conversion of substrates, with a
more than 1 order of magnitude higher TOF (3500 h−1) in
comparison to the aforementioned Au/TiO2 catalyst. For
comparison, the commercial Pt/C catalyst and Pt1/FeOx show
negligible activities. The catalyst exhibits good chemoselectivity
to the nitro-group reduction even in the presence of other
vulnerable functional groups such as−CC,−CC, −CO,
etc. The excellent anti-CO-poisoning hydrogenation ability of
the Pt-based catalyst is different from that of the Au/TiO2
catalyst from a mechanistic point of view. In the reaction, the
nitrobenzene will first dissociate into a C6H5N* surface
intermediate on the carbide support with the assistance of Pt,
which prefers to be protonated by water into aniline rather than
be hydrogenated by H2/H*. However, the remaining oxygen
species from water on the α-MoC will further react with
adsorbed CO or dissociated hydrogen on the electron-deficient
Pt atoms via a WGS-like reforming process into CO2 and H2O.
This water protonation mechanism is the reason for the Pt/α-
MoC catalyst being able to efficiently work in the presence of
concentrated CO in the aqueous phase.
In summary, the participation of water in the reduction

reactions of biomass, C1 processes, and fine chemical reduction
reactions as the hydrogen source has demonstrated its potential
in promoting the hydrogenation activity and selectivity.
Additionally, it provides a novel pathway to turn the hydro-
gen-lean crude hydrogen into useful hydrogenation resources.
For example, the exhaust gas of the iron and steel industries
contains 70% or more CO. The processes discussed above not
only remove the environmental contaminants (CO) but also
generate compounds of economic interest. However, it should
be noted that these processes will generate more CO2 emission
in comparison to traditional hydrogenation reactions, especially
for the syngas reaction. Special note should be made with regard
to the reaction selection in a consideration of the carbon
efficiency. Meanwhile, the introduction of CO2 capture
techniques into these processes might be necessary to overcome
this disadvantage.

5. MICROSCALE AQUEOUS ENVIRONMENT
PROMOTED CATALYTIC PERFORMANCES

In the previous two sections, we focused on heterogeneous
catalytic reactions in the aqueous phase. In these catalytic
systems, water acts as a solvent and reaction medium first and
further works as a catalyst promoter, cocatalyst, and reactant. In
other traditional gas−solid reactions, the existence of water in
the gas feed may cause it to be adsorbed on the catalyst and form
a microscale aqueous environment on the hydrophilic/reactive
substrate, which might promote the performance of the
heterogeneous catalyst. In this part we will briefly summarize
the typical cases in which the presence of a microscale aqueous
environment around active sites could promote the activation of
pivotal substrates such as O2 and H2O for certain reactions
(Figure 4).
One of the classic cases is the activation of oxygen for CO

oxidation reactions. The adsorption of a trace amount of water
near the active site facilitates the activation of oxygen, which is
probably one of the rate-limiting steps in oxidation reactions. In
the CO oxidation or preferential oxidation of CO in H2
(PROX), the reaction between adsorbedO2 and water generates

active *OOH species at the interface of the noble metal and
oxide support (for example, Au/TiO2), resulting in the
promotion of activity by orders of magnitude (Figure 4a-i,-
ii).5,116−119 Moreover, recent studies show the promotion effect
on an oxide-supported single-atom catalyst is much more
pronounced in comparison to traditional metal nanoparticle
supported catalysts.118,120 The hydroxyl from dissociated water
reacts with CO to form a highly active carboxyl intermediate,
which subsequently dehydrogenates with the assistance of a
lattice oxygen to generate CO2 and water.121 Similarly, in the
selective oxidation of alcohols on the supported Au catalysts, the
reaction between O2 and water produces hydrogen peroxide
(HOOH*) that decomposes into hydroxide, which significantly
reduces the activation barrier of O2.

34,122,123 The adsorbed
hydroxide is effective in activating both the C−H and O−H
bonds in alcohols (Figure 4a-iii,-iv).
Another promoting effect of microscale water was the

modulated surface properties of catalyst by water dissociation.
In the water-gas shift reaction over α-MoC-based catalysts, it has
been discovered that the dissociated species of water (O* or
hydroxyl) can adsorb on the surface of the carbide.124−126 These
species can form a strong hydrogen-bond network on the
surface, which enhances the further dissociation of water and
accelerates the proton transportation. This effect is one of the
main reasons for the extraordinary low-temperature activity of
metal/α-MoC catalysts in the WGS reaction. Additionally, the
O/OH/H species originating from water on the active sites
change the adsorption or readsorption behavior of the substrates
or products, resulting in distinct differences in the activities and
selectivities of products. For example, for the hydrogenation of
bio-derived furfural and quinoline on α-MoC-based catalysts,
the efficient splitting of water and strong bonding with the
generated hydroxide species promoted the desorption of
semihydrogenated products such as furfuryl alcohol (Figure
4b) and 1,2,3,4-tetrahydroquinoline (Figure 4c).127,128

6. OUTLOOK AND PERSPECTIVES

In summary, the previous studies of heterogeneous catalytic
systems in the aqueous phase have demonstrated that water is
more than a simple reaction medium. The positive effect of the
water phase includes but is not limited to the following: (a) a
catalytic performance promotion effect by influencing the
thermodynamics, changing the barrier of the reaction, and
working as a cocatalyst to provide or stabilize the highly reactive
species; (b) participating in the catalytic reaction as a hydrogen
donor, enabling new processes, and enhancing the reactivity and
selectivity; (c) forming a microscale aqueous environment on
the surface of heterogeneous catalysts, which facilitates the
transportation of hydrogen, protons, and oxygen on the solid−
liquid interface and changes the adsorption behaviors of
reactants for certain reactions. The existence of these
constructive effects of water originates from the special
physical−chemical properties of water molecules and makes
the aqueous phase a promising system to promote traditional
gas-phase heterogeneous catalytic reactions. Despite the current
success, the development of catalytic systems is still limited and
the role of water has not been well unraveled yet on the basis of
direct experimental evidence. The catalytic stability in water, one
of the critically important parameters of catalytic performance in
addition to catalytic activity and selectivity, has not been
systematically studied. To obtain a better understanding o the
water effect and fully exploit the promotion effect of aqueous
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phase reaction, more studies can be performed in the following
areas.

(1) The heterogeneous catalytic systems and reactions
applicable to the aqueous phase need to be further
expanded. A systematic understanding of the types of
reactions that share strong or weak promotion effects
from aqueous-phase reactions needs to be summarized.

(2) The lack of suitable characterization techniques that study
the structure of solid−water interfaces, especially the in
situ techniques with high spatial and temporal resolution,
limits the understanding of aqueous-phase catalytic
systems. The traditional surface-sensitive probes, such
as soft X-rays and low-energy electrons, are not capable of
penetrating the aqueous layers due to their small mean
free path. Methods to perform in situ experiments using a
powerful scanning probe microscope are still under
development.129 Therefore, developing relevant methods
to obtain experimental knowledge of the interface
structure and elucidate the adsorption behaviors of
water near the solid surface will enhance the under-
standing of heterogeneous catalysts in the aqueous phase.
Surface science studies using well-defined model surfaces
are also of great significance. A reflective spectroscopic
method, such as infrared spectroscopy, will play an
increasingly important role in this field.130

(3) The determination of the intrinsic activity and kinetic
parameters of a heterogeneous catalytic system in the
aqueous phase is difficult, as most reactions are performed
in nondifferential batch reactors.131 The description of
the transportation behavior of reactants and products
within the interface of solid catalysts and water is still a
huge research challenge.132 As a result, the understanding
of the kinetic and molecular dynamic behaviors of
aqueous-phase reactions are relatively limited in compar-
ison with gas−solid reactions. Progress in these areas will
significantly enhance the the understanding of the
mechanism of the heterogeneous catalysis in an aqueous
phase.

(4) The theoretical study of the heterogeneous reaction in the
aqueous phase is difficult, and the calculation expense of
the reaction process remains relatively high. To optimize a
solid−water reaction system well and further simulate the
catalytic reaction, the chemical properties of four distinct
regions need to be studied: namely, the bulk aqueous
phase, the electric double layer, the solid interface, and the
subsurface of the catalyst. The combination of different
methods and tools including empirical molecular
mechanics and ab initio methods are needed to simulate
a heterogeneous catalytic reaction in water well.133 New
methods and theoretical approaches are highly desirable
to obtain a molecular level understanding of aqueous-
phase reactions and the rational design of the correspond-
ing catalytic systems.

(5) Despite the positive effects of aqueous-phase reactions, an
aqueous-phase reaction at elevated temperature is a huge
challenge for the stability of heterogeneous catalysts,
especially for the 3d metal, zeolite and MOF based
catalysts, due to the redox corrosion, the leaching of Si and
Al by the aqueous medium, and the framework damage
caused by ligand substitution of water and hydroxyl
species.134 In order to fully exploit the advantages of
aqueous-phase catalytic reactions, developing highly

stable catalysts and exploring methods to effectively
prolong the lifetime of heterogeneous catalysts in water
are of great importance, especially for the potential use of
aqueous-phase catalytic reactions in the industrial
scenario. Recent studies using a hydrophobic material
coating135 and the fully encapsulated “chain-mail
catalysts”136 are effective attempts toward this target.
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