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transfer hydrogenation under the background of
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Under the background of carbon neutrality, the direct conversion of greenhouse CO, to high value added
fuels and chemicals is becoming an important and promising technology. Among them, the generation of
liquid C1 products (formic acid and methanol) has made great progress; nevertheless, it encounters the
problem of how to use it efficiently to solve the overcapacity issue. In this review, we suggest that the
catalytic transfer hydrogenation using formic acid and methanol as the hydrogen sources is a critical and
potential route for the substitution for the fossil fuel-derived H, to generate essential bulk and fine chemi-
cals. We mainly focus on summarizing the recent progress of heterogeneous catalysts in such reactions,
including thermal- and photo-catalytic processes. Finally, we also propose some challenges and opportu-

rsc.li/nanoscale nities for this development.

1. Introduction

The massive increase in the world population inevitably leads
to energy shortage and environmental crisis, which is one of
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the greatest challenges of this century on Earth. The overuse of
nonrenewable fossil resources such as coal, oil and natural gas
greatly increases CO, emission and the accompanying green-
house effect, and thus it is necessary to develop renewable
resources and CO, capture and utilization technologies.'”” For
this, many chemists and materials scientists focus on the
development of new renewable resources (wind, light, electri-
city, etc.) and new materials such as nanomaterials. In particu-
lar, in the context of carbon neutrality, the highly efficient con-
version of CO, to formic acid and methanol is regarded as one
of the most promising CO, direct conversion technologies for
industrialization, which is undergoing rapid development.”®™**
For example, Yang et al. recently synthesized a layered {001}
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oriented Bi oxyhalide (i.e. BiOX, X = Cl, Br or I) electrocatalyst
to produce formic acid from CO, in a flow cell. They found
that the bromide activated bismuth catalyst can achieve a high
current density (>100 mA cm™?) and formic acid selectivity
(>90%), thus paving the way for the rational design of excellent
electrocatalysts for renewable chemical and fuel production.’
In addition, Su et al. employed monodisperse cobalt phthalo-
cyanine (CoPc) on single-walled CNTs (CoPc/SWCNTS) to cata-
lyze the formation of methanol in a tandem-flow electrolyser,
which achieves a methanol partial current density of >90 mA
em ™2 with >60% selectivity.'* These great advances are acceler-
ating the industrialization of direct CO, utilization techno-
logies, and thus the overall pace of carbon neutrality. However,
formic acid and methanol can also be obtained in quantity
from traditional chemical routes such as petroleum and
biomass,'>” which leads to a temporary oversupply of these
two chemicals (Scheme 1). Therefore, how to use them via an
efficient and green route will be a dilemma for the future
society.

In this review, we therefore propose that formic acid and
methanol can be the ideal hydrogen sources to replace high
pressure H, in hydrogenation reactions. Hydrogenation is one
of the most critical and fundamental processes in the modern
chemical industry, and can produce important chemical and
pharmaceutical intermediates.'®>* However, the use of high
pressure hydrogen inevitably leads to some disadvantages
such as safety, storage and transportation, and the selectivity
of the desired product is difficult to control.>*®” In this
respect, the catalytic transfer hydrogenation using organic
hydrogen donors is therefore considered as a good alternative
to H, hydrogenation, which not only reduces the requirements
of special equipment but also improves the desired product
selectivity due to the diversity of organic hydrogen donors
(Scheme 2). In recent years, some progress has been made in
catalytic transfer hydrogenation.>»**?%28$33  por example,
Gilkey and Xu have reviewed the recent progress in catalytic
transfer hydrogenation for the conversion of biomass-derived
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Scheme 1 Main synthetic paths of formic acid and methanol.

feedstocks to fuels and chemicals with a focus on mechanistic
interpretation, and they also discussed future challenges and
opportunities.**

Currently, the common hydrogen donors mainly include
low molecular mass alcohols (e.g., methanol, ethanol, and iso-
propanol), and formic acid is also an ideal hydrogen storage
medium with a high hydrogen content of 4.4 wt% and stable
chemical properties.®>™*° Recently, Zhai et al reviewed the
developments in CO, hydrogenation to formic acid/formate
and reverse formic acid/formate dehydrogenation as a liquid
organic hydrogen donor under mild conditions.** Such a CO,-
formic acid hydrogenation cycle not only promotes CO,
capture and utilization, but also provides great guidance for
the subsequent hydrogen-related energy and chemical indus-
try. Considering that the CO, hydrogenation to formic acid has
been discussed by many researchers,®® here we focus only on
the progress in transfer hydrogenation using formic acid as
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Scheme 2 Proposed transfer hydrogenation process using formic acid
and methanol as hydrogen sources.

the hydrogen source, especially in terms of catalysts. In the
past few decades, researchers have devoted much effort to
developing highly efficient homogeneous and heterogeneous
catalysts for the dissociation of formic acid into H, and sub-
sequent hydrogenation.'>*®%>7*® Homogeneous catalysts are
mainly transition metal-organic complexes, including ruthe-
nium, iridium, nickel, etc., which usually have high activity
and good selectivity.*>" Compared with homogeneous cata-
lysts, heterogeneous catalysts are easy to separate from the
reaction and can be recycled.’® At present, heterogeneous cata-
lysts used for formic acid transfer hydrogenation are mainly
divided into supported precious metal (e.g., Pd, Pt, Au, and Ag)
catalysts®® > and carbon coated transition metal (e.g., Co, Ni,
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and Fe) catalysts.”>>*">® Precious metals usually have high
catalytic activity and stability in corrosive formic acid solution,
but their scarcity and high price limit their further
development.>>*”° Fortunately, the low activity and poor
stability of transition metals are being gradually overcome via
carbon coating, which can efficiently inhibit the direct contact
between nonprecious nanoparticles (NPs) and formic
acid.’” #5972 Moreover, the electron transfer between the
coated carbon layer and the metal NPs endows it with excellent
catalytic activity to accelerate formic acid adsorption and sub-
sequent dissociation. Compared with direct H, hydrogenation,
formic acid-driven transfer hydrogenation can not only hydro-
genate specific functional groups, but also trigger a series of
reactions such as the methylation of aromatic amines using
the abundant reaction sites of formic acid itself.****~%°

As another liquid hydrogen source, methanol is also an
ideal substitute for high pressure hydrogen.®””"* Currently, tra-
ditional thermocatalysis and electrocatalysis systems have
exhibited great potential for the production of methanol on a
larger scale, but efficient use of excessive methanol remains a
headache in the future chemical industry. Industrially, metha-
nol can be used for producing basic building blocks such as
ethylene or propylene, and can also be used as a gasoline
additive.”>””” More importantly, methanol has been regarded
as an ideal liquid hydrogen source due to its high hydrogen
capacity of 12.5 wt%.>”*>”* However, it is rarely used for trans-
fer hydrogenation due to high energy consumption for in situ
hydrogen production and utilization. There are four primary
routes for hydrogen production from the traditional thermal
catalytic process: methanol steam reforming (MSR),”®®°
methanol decomposition (MD),*"#? partial oxidation of metha-
nol (POM),*** and a combination of oxidative methanol
steam reforming (OMSR, MSR, and POM), also known as auto-
thermal reforming of methanol (ATRM).**"®” The main
approach for producing hydrogen at present is methanol
steam reforming (CH;OH + H,0 — CO, + 3H,). However, this
process is energy-intensive, demanding specific temperature
and pressure conditions, thus leading to substantial fossil
energy consumption and the generation of carbon dioxide as a
by-product. This is not conducive to environmentally friendly
sustainable development. While Lin et al. have reported that
platinum (Pt) atoms dispersed on a-molybdenum carbide
(a-MoC) can achieve an outstanding low-temperature MSR per-
formance, significantly increasing the H, generation rate and
minimizing fossil energy consumption in MSR reactions,* the
reliance on precious metal catalysts like Pt, Pd, and Ru
remains unavoidable.®® This poses challenges for practical
implementation in industrial production.

Compared to thermal catalysis, electro-reforming of metha-
nol, also known as methanol-water co-electrolysis, presents a
compelling alternative to traditional reforming methods.®’
This is because it employs an indirect methanol oxidation
reaction (MOR) to replace the sluggish oxygen evolution reac-
tion (OER), thereby effectively accelerating the hydrogen pro-
duction rate of the cathodic hydrogen evolution reaction
(HER).°*®> Additionally, this process transforms methanol

This journal is © The Royal Society of Chemistry 2024
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into some high-value byproducts instead of CO, or CO.
Moreover, the energy input for electrocatalytic methanol
reforming is significantly lower than that required for com-
plete decomposition of water and thermal catalytic methanol
reforming. This aspect holds great significance for reducing
the overall energy consumption.”®°* For instance, Guo et al.
developed a bi-functional co-doped Rh electrocatalyst,
where an enhanced HER on the cathode was coupled with an
accelerated MOR on the anode. This design achieved an
efficient rate for complete hydrogen decomposition and pro-
vided an impressive mass activity of up to 889 mA mg ™" for the
MOR.”

Simultaneously, given solar energy’s status as a high-quality
sustainable resource, attention has shifted towards driving
methanol steam reforming (MSR) through light and the
exploration of nonprecious metal catalysts.”®*° Li et al. suc-
cessfully prepared a novel L-Cu catalyst for photo-driven MSR
by reducing CuAl layered double hydroxide (CuAl-LDH)
nanosheets, demonstrating an exceptional hydrogen pro-
duction activity of 160.5 pmol g, " s *."°° Despite substantial
efforts to improve the H, production rate in MSR reactions,
there has been limited focus on investigating carbon-contain-
ing by-products. The predominant emphasis in most studies
has been on reducing CO production. This emphasis is driven
by the imperative to prevent CO poisoning of precious metal
catalysts,'®" a factor detrimental to the application of proton
exchange membrane fuel cells (PEMFC), which mandate CO
concentrations below 10 ppm at the anode.'®®> Unfortunately,
the potential utilization of carbon-containing products derived
from semi-oxidation reactions is frequently overlooked,
leading to significant resource wastage. Therefore, achieving
efficient hydrogen production and highly selective generation
of valuable carbon-containing products through light-driven
methanol under mild conditions holds substantial practical
significance. Tang’s group recently developed an environmen-
tally friendly methanol photocatalytic hydrogen production
system that harnesses the synergy between Cu single atoms
and Pt nanodots on a PtCu-TiO, catalyst. The results showcase
a remarkable H, formation rate of 2383.9 pmol h™", an appar-
ent quantum efficiency reaching 99.2%, and the high-value
carbon-containing product, formaldehyde, with a selectivity of
up to 98.6%.'% Additionally, Wang’s group engineered single-
atom rhodium-doped metal sulfide nanorods, featuring alter-
nately stacked wurtzite/zinc blende segments. The design
efficiently activated the methanol C-H bond to generate hydro-
gen under light, yielding ethylene glycol at a rate of 34 mmol
Zer ¢ h™', maintaining a consistent selectivity of approxi-
mately 85%.'%* These examples illustrate significant advance-
ments in methanol hydrogen production, underscoring the
substantial application potential of clean and efficient photo-
catalysis and electrocatalysis in this domain. Such progress
can effectively propel the seamless integration of subsequent
hydrogen production and hydrogenation processes. It also
encourages the advancement of transfer hydrogenation reac-
tions using methanol as a hydrogen source, paving the way for
crucial breakthroughs in the future.

This journal is © The Royal Society of Chemistry 2024
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In the past few years, much research has been done on the
hydrogen production and hydrogenation systems of formic
acid and methanol; however, few reviews have focused on the
transfer hydrogenation reactions using CO,-derived methanol
and formic acid as hydrogen sources, let alone catalytic
material design. In this review, we first summarize the devel-
opments of catalysts in the transfer hydrogenation process
(e.g., thermal catalysis and photocatalysis) using formic acid as
a hydrogen source, mainly including Pd-based precious metal
catalysts and Co-based nonprecious metal catalysts. Similarly,
we also analyze the catalyst design strategies for methanol-
driven transfer hydrogenation reactions, and Pd-based and Cu-
based materials are mainly discussed. Finally, in view of the
current developments of catalysts in this field, we propose
some key challenges and corresponding opportunities for
transfer hydrogenation.

2. Transfer hydrogenation using
formic acid as a hydrogen source
2.1. Catalyst design for the thermocatalytic process

Thermocatalytic hydrogenation using formic acid as a hydro-
gen source is one of the fundamental processes in modern
chemical industries.***® In theory, two kinetic pathways may
occur when formic acid is used as a hydrogen source: (i) dehy-
drogenation of formic acid to form H, and CO, (dehydrogena-
tion pathway) and (ii) dehydration of formic acid to form H,O
and CO (dehydration pathway). The latter is undesired because
the dehydration pathway will not only result in a decrease in
the concentration of hydrogen, but also produce by-product
CO, leading to the poisoning of heterogeneous -catalysts
(Scheme 3).'23847:62105106 Cyrrently, thermo-catalytic hydro-
genation using formic acid as a hydrogen source usually
requires harsh reaction conditions (high temperature or long
time) and highly efficient catalysts.’® For example, the strong
corrosive properties of formic acid hamper the long-term stabi-
lity of catalysts.®™®> Therefore, it is necessary to summarize the
recent progress in catalyst development for thermocatalytic
hydrogenation using formic acid as a hydrogen source.

2.1.1. Precious metal-based heterogeneous catalysts

Palladium-based NP catalysts. Among all the precious metal
catalysts, Pd based catalysts are the most effective and thus

'

HCOOH

H,+CO, AG =-48.4 kJ mol’
Decarboxylation

H,0+CO =385 kJ mol
D(—;@ydratijon

Scheme 3 The possible routes for formic acid decomposition.
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widely studied candidates because of their special electronic
structures and adsorption patterns.’®” "> As we all know, the
catalytic performance of heterogeneous catalysts greatly
depends on their support;'**™*'® we therefore categorize and
summarize the recent developments of Pd catalysts for the
hydrogenation reactions using formic acid as a hydrogen
source according to the type of support.

First of all, carbon materials have been regarded as a
typical catalyst support for formic acid transfer hydrogenation
because of their large surface area, high porosity, easy modifi-
cation, strong chemical stability, etc.'’®™*® In particular,
heteroatoms such as N or S doped carbon supports have
obvious electronic effects, which leads to excellent formic acid
dehydrogenation and subsequent hydrogenation
performance,?®°8124-128

Lépez Granados et al. investigated and found that Pd/C was
the most effective and hydrogenation of hydromaleic acid
identified specific active sites to succinic acid using formic
acid as a hydrogen source for different combinations of pre-
cious metals (Pd, Au, Ru, Pt, and Rh) and supports (y-Al,O3,
TiO,, Ce0,, ZrO,, WO3, CeZrO,, C, Nicanite, SiO, and TS-1).>®
Zhang et al. also found that the hydrogenation activity fol-
lowed the trend of Pd/activated carbon (AC) > Pd/TiO,-AC > Pd/
MIL-101 > Pd/TiO, > Pd/Al,O; for the catalytic transfer hydro-
genation of phenol to cyclohexanone, and the optimum Pd/AC
catalyst can be recycled at least 6 times. The effect of formic
acid on the hydrogenation activity of supported Pd catalysts
was also studied. For the MIL-101 and oxide (TiO, and Al,O;)
supports, they revealed that the low activity may be due to the
competitive adsorption of formic acid with phenol at a single
Pd site (Fig. 1a)."* Afterwards, heteroatoms such as N- or
S-doped carbon supported Pd catalysts were further studied.
Hu et al. showed that nitrogen functionalized carbon nanotube
supported Pd NPs (Pd/NCNT) were especially suitable for the
transfer hydrogenation of phenol using formic acid as a hydro-
gen donor, compared to oxygen functionalized Pd/OCNT
(Fig. 1b)."*° For the transfer hydrogenation of Lindane using
formic acid as a hydrogen source, Yang et al. found that the
pyridine N doped porous carbon supported Pd catalyst exhibi-
ted good catalytic activity due to the promotional effect of pyri-
dine N, which enhanced the Pd NP dispersion and thus formic
acid decomposition. Compared with the commercial bare
carbon-supported Pd catalyst, this catalyst can obtain a 99.7%
conversion and 100% dechlorination selectivity at 25 °C under
atmospheric pressure.'*® For this, Zhang et al. prepared ultra-
fine Pd NPs anchored on N-doped carbon (Pd/N-XC72R),
where N-XC72R was prepared by annealing commercial Vulcan
XC72R with urea in advance. They showed that N doping on
the carbon surface can significantly enhance the affinity
between metal NPs and the support, and avoid the aggregation
and over-growth of NPs. Compared with the bare Vulcan
XC72R supported Pd catalyst, the prepared Pd/N-XC72R cata-
lyst exhibited better catalytic activity for the transfer hydrogen-
ation of nitroaromatic hydrocarbons at room temperature
(Fig. 1¢)."*" In addition, graphitized carbon nitride (g-C;N,)
containing nitrogen is a potential nitrogen-doped carbon
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Fig. 1 (a) Schematic illustration of the transfer hydrogenation of phenol
on supported Pd catalysts. Reproduced with permission from ref. 129.
Copyright 2014 Elsevier. (b) Schematic illustration of different reaction
paths on Pd/OCNT and Pd/NCNT. Reproduced with permission from ref.
130. Copyright 2021 Wiley-VCH. (c) Schematic illustration of the prepa-
ration progress of Pd/N-XC72R. Reproduced with permission from ref.
131. Copyright 2018 American Chemical Society. (d) Schematic illus-
tration for the preparation of primary and secondary amines over
g-C3N4 supported Pd NPs. Reproduced with permission from ref. 132.
Copyright 2018 Royal Society of Chemistry. (€) Schematic illustration of
the preparation process of the Pd@g-C3sN4 NS catalyst. Reproduced with
permission from ref. 133. Copyright 2018 Royal Society of Chemistry. (f)
Schematic illustration of the preparation process of the Pd-g-CsN4 NS/
rGO catalyst. Reproduced with permission from ref. 134. Copyright 2018
Royal Society of Chemistry.

material, which has been gradually applied to perform transfer
hydrogenation. For example, Xu et al. found that the 5 wt%
Pd/g-C3N, catalyst can completely convert nitrobenzene to
aniline using formic acid as the hydrogen donor and water as
the solvent at room temperature. Meanwhile, the Pd/g-C3N,
catalyst also had good activity in the one-pot reductive amin-
ation of carbonyl compounds and nitro compounds, and the
corresponding secondary amines can be obtained with excel-
lent selectivity (>90%) (Fig. 1d)."**> Cheng et al. also prepared a
Pd@g-C3N, nanosheet catalyst by a liquid-phase exfoliation
method for the transfer hydrogenation of nitroaromatic hydro-
carbons. The superior activity and stability can be attributed to
the amphiphilic g-C;N, support, the uniform dispersion of Pd
NPs and the Mott-Schottky effect between g-C;N, and Pd NPs
(Fig. 1e)."*® Chou et al prepared the bulk- and nanoflake-g-
C3N, supported Pd NP catalysts (Pd/b-CN and Pd/ns-CN) for
the catalytic transfer hydrogenation of furfural alcohol to tetra-
hydrofurfuryl alcohol. The characterization analysis showed
that Pd/ns-CN had a higher specific surface area, more surface

This journal is © The Royal Society of Chemistry 2024
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bases and higher Pd dispersion than Pd/b-CN, which are the
key factors for the activation of formic acid.'*® Li et al. further
synthesized porous g-C3N, nanosheets/reduced graphene
oxide composites by hydrothermal co-assembly of graphene
oxide and g-C3;N, nanosheets. Owing to the synergistic support
effects, the obtained Pd catalyst showed significant catalytic
activity for olefin hydrogenation with formic acid and formates
as hydrogen sources under atmospheric pressure (Fig. 1f)."**

In addition to carbon materials, other supports were also
studied. For instance, Zhang et al. synthesized a layered Ti;C,
MXene supported Pd NP catalyst, which could achieve efficient
and selective hydrogenation of nitrobenzene in the presence of
formic acid. They confirmed that the electron-deficient Pd NPs
regulated the reaction pathway and promoted the dissociation
of formic acid, thus improving the production of active H* to
hydrogenate nitrobenzene."” Neeli et al. synthesized Pd NPs
with an average diameter of 2.2 nm by anion exchange and
chemical reduction on NH,-UiO-66. The as-prepared Pd/NH,-
UiO-66 catalyst can catalyze the transfer hydrogenation of
nitrobenzene to aniline in mild water with formic acid as a
hydrogen source, and the excellent catalytic activity was mainly
attributed to the synergistic effect of Pd NPs and NH,-UiO-66
(Fig. 2a)."*® For the unsupported Pd catalysts, our group identi-
fied specific active sites (i.e., surfaces, corners and edges) for
formic acid decomposition and olefin/nitrobenzene hydrogen-
ation. The results showed that the decomposition of formic
acid mainly occurs at the edge of cubic nanocrystals and the
plane of octahedral/tetrahedral nanocrystals, and hydrogen-
ation mainly occurs at the edge of cubic and octahedral/tetra-
hedral nanocrystals.'*°

In addition to single metal sites, Pd-based bimetallic cata-
lysts usually exhibit strong catalytic properties due to the elec-
tronic and geometric synergistic effects of bimetallic sites. Liu
et al. prepared Pd-Ag bimetallic NPs on N-doped porous
carbon by using one-step doped NH,-MIL-125 as the precursor.
Due to the synergistic interaction between the support and Pd-
Ag bimetallic NPs, the as-synthesized PdyAg;-N-doped-MOF-C
catalyst exhibited excellent catalytic activity and selectivity for
the catalytic transfer hydrogenation of nitroaromatics using
formic acid as a renewable hydrogen donor (Fig. 2b)."*° Cui
et al. first prepared mesoporous N-doped carbon supported Ni
NPs (Ni/mCN) through pyrolysis of a mixture of polyacryloni-
trile, melamine and Ni(NO;),-6H,O0. Then, Ni/mCN was
treated with Pd(AcO), to form a PdNi bimetallic NP catalyst
(PdNi/mCN). The as-prepared PdNi/mCN catalysts showed
higher catalytic activity at room temperature for the transfer
hydrogenation of nitroarenes using formic acid as a reducing
agent, which may be due to the high dispersion of PdNi
bimetallic NPs, the maximum utilization rate of Pd atoms and
the special structure of mesoporous N-doped carbon
(Fig. 2¢).>*

Other precious metal-based NP catalysts. In addition to Pd-
based catalysts, other precious metal materials have also been
studied and they exhibited excellent catalytic performance. Li
et al. developed a simple and reliable process for the selective
transfer hydrogenation of semi-reduced alkynes using formic

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic illustration of the transfer hydrogenation of nitro-
benzene on Pd nanoparticles supported on NH,-UiO-66. Reproduced
and modified with permission from ref. 138. Copyright 2018 Elsevier. (b)
Schematic illustration of the preparation progress of PdgAg;-N-doped-
MOF-C. Reproduced with permission from ref. 139. Copyright 2017
Elsevier. (c) The preparation procedure and application of the PdNi/mCN
nanocatalyst. Reproduced with permission from ref. 54. Copyright 2018
Royal Society of Chemistry.

acid as a hydrogen source and supported Au as a catalyst,
which exhibited high activity, selectivity and recyclability
under mild reaction conditions (Fig. 3a).'*' Furthermore,
Zhang et al. developed a TiO,-supported Au catalyst coated
with an N-doped porous carbon layer using a polydopamine-
coating-carbonization strategy. For the conversion of
5-hydroxymethylfurfural to 5-methylfurfural, the obtained Au/
TiO,@NPC showed high catalytic performance with a >95%
5-methylfurfural yield. The experimental results showed that
the catalytic performance was related to the suitable combi-
nation of highly dispersed Au NPs in the core-shell nano-
structure and good interfacial interaction (Fig. 3b).**>

Besides, Neeli et al. synthesized the Rh/ED-KIT-6 catalyst
with an average particle size of 1.2 nm by chemical reduction
of the Rh®" precursor on KIT-6. The synergistic effect of the
nitrogen function and ultrafine Rh NPs endowed it with excel-
lent catalytic activity for transfer hydrogenation of furfural to
furfuryl alcohol with formic acid as a hydrogen source without
other additives (Fig. 3c)."** Zhou et al. used formic acid as the
only hydrogen resource to selectively synthesize y-valerolactone

Nanoscale, 2024, 16,1038-1057 | 1043
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Fig. 3 (a) Heterogeneous gold-catalyzed selective semireduction of
alkynes. Reproduced with permission from ref. 141. Copyright 2016
Wiley-VCH. (b) Schematic illustration of the synthesis procedure of Au-
n/TiO,@NPC-T. Reproduced with permission from ref. 142. Copyright
2022 Elsevier. (c) Ultrasmall Rh nanoparticles embedded on diamine-
functionalized KIT-6. Reproduced with permission from ref. 143.
Copyright 2017 Wiley-VCH. (d) y-Valerolactone production from furfural
via an integrated strategy on Au—Ni/ZrO,. Reproduced with permission
from ref. 144. Copyright 2020 American Chemical Society.

from raw lignocellulosic biomass. The first step used SnCl, as
the catalyst to prepare levulinic acid and formic acid, and the
second step used the developed Au-Ni/ZrO, bimetallic catalyst
to produce y-valerolactone from levulinic acid. Compared to
the Au/ZrO, catalyst, an appropriate Ni loading amount can
promote the reduction of Au’* to Au’ and the dispersion of
Au® without aggregation, which can increase the hydrogen-
ation reaction and the subsequent dehydration reaction
(Fig. 3d)."**

2.1.2. Nonprecious metal-based heterogeneous catalysts

Cobalt-based NP catalysts. The high price and scarcity of pre-
cious metal catalysts limit their industrial application, which
urgently requires efficient design and precise preparation of

H
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nonprecious metals. However, nonprecious metal catalysts still
face some challenges such as low activity and poor stability,
and harsh reaction conditions such as high temperature inevi-
tably increase overall energy consumption,?®!?81457148
Moreover, strong corrosion of formic acid also put forward a
big challenge to improve the stability of nonprecious metal cat-
alysts for hydrogenation reactions.

The carbon supported or coated Co catalysts were therefore
used as highly efficient transfer hydrogenation samples when
using formic acid as a hydrogen source. Beller’s group pio-
neerly prepared cobalt oxide based catalyst (Co;0,-NGr@C) by
pyrolysis of the cobalt-phenanthroline complex on commercial
Vulcan XC72R. It achieved excellent performance for the trans-
fer hydrogenation of nitroaromatics, olefins, aldehydes,
ketones, esters, amides and nitriles. They also prepared a
carbon supported nitrogen-modified cobalt catalyst by pyrolyz-
ing a mixture of Co(AcO), in melamine or waste melamine
resin solutions. The selective transfer hydrogenation of
N-isoaromatic hydrocarbons can be achieved with formic acid
as a hydrogen source and ethanol as the solvent. At the same
time, this nonprecious Co catalyst also showed certain activity
and selectivity of formic acid dehydrogenation (Fig. 4a).””°" As
far as carbon sources are concerned, melamine is a cheap and
readily available carbon source and contains nitrogen species.
Yuan et al. prepared the N-doped carbon coated Co NP catalyst
(Co@NC) by using melamine and Co(AcO), through hydro-
thermal and carbonization treatment, this structure effectively
avoided the corrosion and leaching of Co NPs. As a result,
Co@NC greatly promoted the catalytic transfer hydrogenation
of various functionalized nitroaromatic hydrocarbons with
formic acid as a hydrogen donor in water/ethanol solution
without alkali (Fig. 4b).®* Kar et al. prepared a porous N-doped
carbon coated cobalt catalyst (Co@C-N800) using o-phenylene-
diamine (OPD) as C and N sources and melamine as

a - - A H b Sucrose
x Co/Melamine-2@C-700 [
A (\4\’ Cotonme 38T e i ae \/\—'—/R Co(Ac0), Mel
A7 HCOOH e [ ]
cHo, Sonication Filtration Carbonization
« Cheap melamine used as ligand « Catalyst prepared from H;0 E
« HCOOH used as hydrogen source « Easily reused : Washing 600 °C, N.
NH Co(OAc), « 4H,0 Hydrothermal Co@NC
VXCT2R, H,0 treatment precursor
4 150°C,12h
Z Then drying

n and pyrolysis

Etching with H SO,

Co@CN-600-AT

. °
ZIF-67 Co nanoparticle GO

Fig. 4 (a) Preparation of cobalt nanoparticles from melamine in water. Reproduced with permission from ref. 60. Copyright 2017 Royal Society of
Chemistry. (b) Preparation of Co@NC catalysts. Reproduced with permission from ref. 61. Copyright 2018 Wiley-VCH. (c) Stepwise synthesis protocol
adopted for the preparation of Co@C—-N, materials. Reproduced with permission from ref. 62. Copyright 2019 American Chemical Society. (d) The
fabrication process of Co@NG. Reproduced with permission from ref. 149. Copyright 2019 Royal Society of Chemistry. (e) Schematic illustration of
the synthesis of the Co@CN-600-AT catalyst. Reproduced with permission from ref. 150. Copyright 2017 American Chemical Society.
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additional N sources. Using formic acid as a hydrogen source,
this catalyst achieved 92.1% quinoline conversion and 87%
selectivity ~for  1,2,3,4-tetrahydroquinoline  (Fig.  4c).°?
Additionally, Zhou et al. prepared a multilayer N-doped gra-
phene catalyst with highly dispersed cobalt NPs (Co@NG) using
carboxymethyl cellulose as the raw material. Using urea as a
non-corrosive activator can introduce porous strip nano-
structures and abundant nitrogen. With formic acid as a hydro-
gen source, alkaline transfer hydrodeoxygenation can be rea-
lized with a 99% 2-methoxy-p-cresol yield on optimized
Co@NG-6 with the highest proportion of pyridine-N. The
superior catalytic performance can be attributed to the synergis-
tic effect of the strong interaction between doped N atoms and
coated Co NPs. Deuterium kinetic isotope experiments showed
that protic N-H" and hydrogenated Co-H~ were two active inter-
mediates. Finally, the graphene shell prevented the corrosion
and aggregation of Co NPs under real reaction conditions
(Fig. 4d)."*° Cobalt-containing metal-organic frameworks
(MOFs) such as ZIF-67 are often used as cobalt and carbon
sources. For example, Jiang et al. used the ZIF-67/GO composite
by depositing ZIF-67 on the GO layer to prepare the N-doped
carbon-based cobalt catalyst. The transfer hydrogenation reac-
tion can be performed on this catalyst using formic acid as a
hydrogen donor and tetrahydrofuran as the solvent. The structu-
rally diverse secondary amines were produced with excellent
yields without reducing other functional groups (Fig. 4¢).*>°
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The morphology and structure of carbon materials are also
very important for catalytic hydrogenation performance. Xu
et al. prepared Co NPs coated with the N-doped carbon nano-
tube catalyst (Co@NCNTs-800) through multiple pyrolyses of
dicyandiamide and cobalt(u) acetylacetone. The outer nitro-
gen-doped carbon nanotubes can prevent the agglomeration
and leaching of the enclosed Co NPs, and the defects formed
by N doping were beneficial for embedding active molecules
on the surface of Co NPs (Fig. 5a)."”" Besides, some research-
ers have done much investigations about the N and S co-doped
carbon supported Co materials. Zhu et al. prepared Co NPs
coated with N and S co-doped carbon nanotubes by one-pot
pyrolysis of melamine, thiocyanic acid and cobalt nitrate hexa-
hydrate. The corrosion, leaching and agglomeration of Co NPs
could be effectively avoided by double-heteroatomic co-doped
porous carbon materials. They found that the synergistic inter-
action between Co NPs and N,S atoms can promote the ability
of transfer hydrogenation and formylation of nitroaromatic
hydrocarbons, especially the incorporation of S atom greatly
improved the selectivity of the N-formylation reaction
(Fig. 5b).">* In addition, Chen’s group first synthesized an
organic precursor (POPs) through the solvothermal conden-
sation of melamine and terephthalic acid in dimethyl sulfox-
ide. Then pyrolysis of POPs impregnated with cobalt nitrate
was used to successfully embed Co in a porous carbon catalyst
with N,S co-doping. The catalyst can be used for the hydrogen-
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Fig. 5 (a) Schematic of the synthesis process of Co@NCNTs-X. Reproduced with permission from ref. 151. Copyright 2019 Wiley-VCH. (b)
Preparation process of the Co@NSC-800 catalyst. Reproduced with permission from ref. 152. Copyright 2020 American Chemical Society. (c) The
fabrication of the Co-NSPC-T catalysts. Reproduced with permission from ref. 153. Copyright 2018 Wiley-VCH. (d) Diagram for the fabrication of
Co@NSC-x. Reproduced and modified with permission from ref. 127. Copyright 2019 American Chemical Society. (e) Schematic illustration of the
preparation of Co NPs coated with an N,P-codoped carbon shell. Reproduced with permission from ref. 58. Copyright 2018 Royal Society of
Chemistry. (f) In situ hydrodeoxygenation of vanillin over Ni-Co—P/HAP. Reproduced with permission from ref. 154. Copyright 2021 Royal Society of

Chemistry.
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ation of nitrobenzene to aniline with formic acid as a hydrogen
source without alkali. In their experiments, Co NPs were con-
firmed as the active sites of the reaction, and their electron
transfer to the carbon shell was crucial to the hydrogenation
performance. The incorporation of the S heteroatom in the
N-doped carbon layer can improve the electron transfer
process and the positive charge of Co, thus improving acid re-
sistance. To further improve the hydrogenation performance
of this catalyst, they further prepared N,S co-doped carbon
embedded with Co NPs (1.14 wt%) by pyrolyzing the complex
of the Schiff-base network (SNW-1) and Co(Ac), coated with
glucose. It can be seen that the glucose coating prevented
highly dispersed Co NPs from directly bonding with S species.
Consequently, the catalyst showed excellent catalytic activity
and stability for the catalytic transfer hydrogenation using
formic acid as a hydrogen source in the alkali-free system, and
thus generated multiple secondary amines with excellent
yields through hydrogenation and reducing amination domino
aggregate reaction (Fig. 5¢ and d)."*”'** In addition to N,S co-
doped carbon, Duan et al. developed N,P co-doped carbon
coated Co NPs (Co@NPC-800) using cheap and easily available
PPh; as the P source via a simple and green synthesis method.
When N and P were uniformly added to the carbon lattice,
they showed that the functionalized nitroaromatics can be
efficiently and selectively hydrogenated to the corresponding
aniline under the condition of formic acid or ammonium
formate as the hydrogen donor and tetrahydrofuran/water as
the solvent (Fig. 5¢).>® In addition to monometallic sites, bi-
metallic sites have also received some attention and develop-
ments. Duan et al. synthesized a novel Ni-Co-P/HAP amor-
phous alloy catalyst by the impregnation-reduction method,
and achieved a high yield of 2-methoxy-4-methylphenol by
hydrodeoxygenation of vanillin using formic acid as a hydro-
gen source and isopropyl alcohol as the solvent. They revealed
that the Co site can increase the disorder of Ni-based amor-
phous alloy and reduce the agglomeration of the catalyst
(Fig. 5f).">* Zhao et al. prepared a CoFeO,-modified CoFe bi-
metallic catalyst by high-temperature calcination with Co-Mg-
Fe layered dihydroxide as the precursor. Under the condition
of formic acid as the hydrogen source, the efficient transfer
hydrogenation of 5-hydromethylfurfural to 2,5-dimethylfuran
was achieved due to the synergistic interaction between bi-
metallic CoFe NPs, CoFeO, species with abundant defects and
surface base sites, effectively promote the dehydrogenation of
formic acid. Owing to the high degree of alloying, and strong
interaction between CoFe NPs and the support, the as-pre-
pared CoFe catalyst also exhibited excellent acid resistance.’>
Yang et al. achieved the catalytic transfer hydrogenation of
5-hydroxymethylfurfural to the 2,5-dimethylfuran with a >90%
yield on a carbon-supported nickel-cobalt catalyst (Ni-Co/C)
using formic acid as a hydrogen donor."*®

Recently, with the rapid development of single-atomic
materials, single-atomic catalysts have demonstrated excellent
performance in transfer hydrogenation using formic acid as a
hydrogen source. Lu’s group used the Co(phen),(OAc),
complex as precursor and SBA-15 as a hard template to
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prepare an ordered mesoporous N-doped carbon-confined
highly dispersed Co-N, as the catalyst (Co-NC). Compared
with direct H, hydrogenation, formic acid inhibited the hydro-
genation reaction during the formation of 2,5-furandimethyl
alcohol. Subsequently, they further developed a cascade cata-
Iytic system (NiCl,/FA/Co-NC) to produce 2,5-furandimethanol
from glucose and di/polysaccharide in a one-pot reaction
(Fig. 62).">”'°® Han et al. successfully used template-assisted
pyrolysis to stabilize isolated cobalt single-atomic sites on an
ordered porous nitrogen-doped carbon (ISAS-Co/OPNC) using
SBA-15 as a sacrificial template. When formic acid or exogen-
ous hydrogen was used as a hydrogen source, both the release
of H, by N-heterocyclic dehydrogenation and the storage of H,
by the reverse transfer of N-heterocyclic hydrogenation (or
hydrogenation) showed high catalytic activity (Fig. 6b).>°
Huang et al. reported that a Co(acac), metal precursor was
encapsulated in an aerotocan/sodium dodecyl sulfate hydrogel,
and S,N co-doped carbon-supported Co single-atomic catalyst
(Co/SNC) was synthesized by the microencapsulation pyrolysis
method. The transfer hydrogenation of N-isoaromatic hydro-
carbons was performed with formic acid as a hydrogen donor
without acid leaching (Fig. 6c)."”° Gong et al prepared an
N-doped carbon based Co catalyst (Co-N,/C-800-AT) by pyrolyz-
ing cobalt phthalocyanine-silica colloidal composite and
removing silica templates and Co NPs by pickling, in which
cobalt-nitrogen species (Co-N,) was the active site of the reac-
tion. N-substituted pyrrole compounds have been synthesized
by the heterocyclic reaction of nitrocompounds with 2,5-hexa-
dione using formic acid as a hydrogen source and acid catalyst
using the Paal-Knorr shrinkage method (Fig. 6d)."*° Zhang
et al. proposed a template-assisted spatial restriction strategy
for the preparation of ultra-high Co single-atomic sites
(10.26 wt%) embedded N-doped graphene-like carbon by one-
step pyrolysis. In the presence of formic acid, the optimum Co
SSCs@NG-800-50 catalyst exhibited excellent catalytic perform-
ance for the transfer hydrogenation of nitrobenzene with a
99% conversion and 96.3% selectivity of aniline. DFT calcu-
lations combined with detailed experiments revealed that
active H was first generated by the dissociation of the C-H
bond in HCOOH rather than the known O-H bond, and then
used for hydrogenation of nitroaromatics at the CoNj; site
(Fig. 6€)."®" Li et al. prepared cobalt single-atoms anchored on
N-doped ultra-thin carbon nanosheets (CoSAs/NCNS) to
achieve selective nitroaromatic hydrogenation with formic acid
as a hydrogen donor and the turnover frequency (TOF) reached
110.6 h™'. Due to the ultra-thin mesoporous structure, the
catalytic activity of CoSAs/NCNS was 20 times higher than that
of transition metal Co NPs reported in the literature under
similar reaction conditions (Fig. 6f)."*

Other nonprecious metal-based NP catalysts. In addition to
cobalt, other nonprecious metals such as Ni and Cu are also
used in formic acid driven transfer hydrogenation reactions.
Liu et al. prepared Ni/CeO, catalysts by loading Ni oxides onto
CeO, nanorods, and the addition of Ni reduced the reduction
temperature of the catalyst, forming the Ni-O-Ce interfacial
site. In the hydrogenation of levulinic acid with formic acid as
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Fig. 6 (a) Schematic illustration of the transfer hydrogenation on highly dispersed Co—N, sites. Reproduced with permission from ref. 157.
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a hydrogen source, the Ni/CeO, catalyst with 6.9 nm particle
size and appropriate acidity distribution showed excellent cata-
lytic performance, the conversion of levulinic acid was 73%,
and the selectivity of y-valerolactone was 90%."'** Wang et al.
reported in situ encapsulation and stabilization of Cu/CuO, in
a porous carbon matrix (Cu/CuO,@C). Under appropriate reac-
tion conditions, the Cu/CuO,@C-450 catalyst showed a high
furfural conversion of 99.1% with a 98% furfuryl alcohol
selectivity due to the high dispersion of Cu/CuO, NPs and the
suitable Cu’/Cu™ ratio.’®* Lomate et al. found the Cu-SiO,
catalyst showed a higher levulinic acid conversion and valero-
lactone selectivity when using formic acid as a hydrogen
source compared to that of only the SiO, support. The key to
the high activity and selectivity lies in the strong interaction of
some copper oxide monomers with the support and the
binding of more acid sites in Cu-Si0,."®> Bimetallic synergies
also play a nonnegligible role in promoting nonprecious metal
based systems. Lin’s group investigated the catalytic conver-
sion of 5-formyloxymethylfurfural to 2,5-dimethylfuran over
the Ni-Cu bimetallic catalyst using formic acid as a hydrogen
donor. They showed that copper was more likely to catalyze the

This journal is © The Royal Society of Chemistry 2024

hydrogenation of C-O ester bonds, while nickel species played
a dual role in catalyzing the hydrogenation of C-O ester bonds
and the hydrodehydration of hydroxyl groups in furan rings.
They also developed a Cu-Cs bimetallic catalyst for the cata-
Iytic transfer hydrogenation of furfural to furfuryl alcohol. The
Cu in CuCs-MCM had the dual function of catalyzing the
decomposition of formic acid into hydrogen and hydrogenat-
ing furfural into furfuryl alcohol. Meanwhile, the doping of Cs
decreased the size of Cu NPs and improved the dispersion of
Cu active sites. As an accelerator, Ce played a good role in
improving hydrogenation activity by regulating the surface
acidity of Cu to an appropriate level (Fig. 7a and b)."®**¢”

The stability of nonprecious metal NPs in the formic acid
system has always been a big problem, but the appearance of
single-atomic catalysts can not only solve the stability problem
but also improve the activity and selectivity. In this respect, Su
et al. successfully prepared a porous carbon loaded N,P bi-
coordination Mn single-atomic catalyst by phosphating a
zeolite imidazole skeleton and subsequent pyrolysis. The Mn;—
N/P-C catalysts with an Mn-N,-P atomic structure showed
better catalytic activity than the related catalysts with an Mn-
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Fig. 7 (a) Schematic illustration for the conversion of FMF to DMF over
the Ni—Cu bimetallic catalyst. Reproduced with permission from ref.
166. Copyright 2019 American Chemical Society. (b) Catalytic transfer
hydrogenation of furfural to furfuryl alcohol over the CuCs-MCM cata-
lyst. Reproduced with permission from ref. 167. Copyright 2021 Elsevier.
(c) Schematic illustration of the synthetic process for Mn-N/P-C.
Reproduced and modified with permission from ref. 168. Copyright
2022 American Chemical Society. (d) Atomically dispersed Zn—N, sites
in N-doped carbon for reductive N-formylation of nitroarenes.
Reproduced with permission from ref. 169. Copyright 2019 Wiley-VCH.

N, structure for the transfer hydrogenation of nitroaromatics
with formic acid as the donor. It was found that doping of the
P source played an important role in affecting the morphology
and electronic properties of the catalyst, thus improving the
performance of the catalyst. This was the first example of a Mn
heterogeneous catalyst for nitroaromatic reduction, and also
revealed that the Mn-N,-P structure was a more promising
alternative in heterogeneous catalysis (Fig. 7¢)."®® Li et al. pre-
pared a highly active, inexpensive and stable single-atomic Zn/
N-doped porous carbon catalyst using a zeolite imidazoline
skeleton precursor. The optimized ZnNC-1000 had a higher Zn
content (5.2 wt%) and higher nitrogen content (6.73 wt%),
thus showing promising catalytic performance in
N-formylation of nitroaromatics in one pot with formic acid as
the hydrogen donor and formylation agent. H,-D, exchange
reactions and HCOOH chemisorption experiments showed
that atomically dispersed Zn-N, species were essential for the
activation of hydrogen and HCOOH molecules, which ulti-
mately resulted in the highest catalytic activity for reducing
carbamylation (Fig. 7d)."*°

2.2. Photocatalytic hydrogenation catalysts

Efficient and cost-effective usage of solar energy represents an
extremely promising technology to solve global issues
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of energy and environment, thus realizing carbon
neutrality.”’°"7® Among them, photocatalytic hydrogenation
has been regarded as an important strategy to convert solar
energy into hydrogen energy and some key chemicals, invol-
ving three primary steps: light absorption, charge separation
and transfer and subsequent catalytic hydrogenation,>>%177-180
However, the current systems still suffer from low conversion
efficiency. The key scientific problem lies in how to design and
develop highly efficient photocatalysts to improve the
efficiency of each step and the whole process.

Lu et al. used SAPO-31 supported Pd single atoms and
ultra-small cluster catalyst (Pdsa.c/SAPO-31) to achieve hydro-
deoxygenation of vanillin through a simple photochemical
pathway. Under mild conditions (1 atm, 80 °C, 30 min), the
selectivity of 2-methoxy-4-methylphenol and TOF were >99%
and 3000 h™" using formic acid as a hydrogen source, respect-
ively. The high activity of the catalyst was due to the synergistic
catalysis between the positively charged Pd single atoms and
the fully exposed clusters and the strong metal-support inter-
actions (Fig. 8a).'®' Tsutsumi et al prepared a transition
metal-supported silicon NP catalyst that achieved a photo-
induced reduction of nitrobenzene to aniline using formic
acid as a hydrogen source. By comparing M/Si (M = Pt, Ru,
and Pd), Pd/Si was the most suitable catalyst for the photo-
catalytic conversion of nitrobenzene to aniline. They revealed
that formic acid acted both as a hydrogen source and as a
sacrificial reagent to introduce electrons into the semi-
conductor to form holes, and avoided the use of high-pressure
equipment (Fig. 8b).'®* Considering that MOFs usually have
high surface areas, high porosities and discrete active sites,
they can therefore achieve efficient light absorption and
charge transport by various modifications. Dong et al. pre-
pared the Pd/MIL-101(Fe)-NH, catalyst with highly dispersed
and uniform Pd NPs (~1.8 nm) by an in situ photodeposition
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Fig. 8 (a) Schematic illustration for the construction and characteriz-
ation of PdSA + C/SAPO-31. Reproduced and modified with permission
from ref. 181. Copyright 2021 Springer Nature. (c) Photoinduced
reduction of nitroarenes using a transition-metal-loaded silicon semi-
conductor. Reproduced with permission from ref. 182. Copyright 2016
American Chemical Society. (b) Photoinduced transfer hydrogenation of
aromatic aldehydes by using Pd/MIL-101(Fe)-NH,. Reproduced with per-
mission from ref. 183. Copyright 2018 American Chemical Society. (d)
Schematic Illustration of the synthesis of the Pd/Ti-MOF and the reac-
tion setup used for the reductive N-formylation of NB. Reproduced with
permission from ref. 184. Copyright 2022 American Chemical Society.
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method. The dual role of the amine group on the support was
embodied in stabilizing Pd NPs and enhancing the electron
density in the Pd center. Under the conditions of triethylamine
as the electron donor and HCOOH as the proton source,
visible light induced selective transfer hydrogenation of aro-
matic aldehydes to produce corresponding alcohols was suc-
cessfully realized (Fig. 8c)."®® Kar et al. prepared a visible-light
photosensitive catalyst (Pd/Ti-MOF) by embedding Pd NPs in a
titanium MOF, which can be used for photocatalytic reductive
N-formylation of nitroarenes in water. The high photocatalytic
performance of Pd/Ti-MOF can be attributed to the direct
contact between Pd NPs and MOF, resulting in an abundance
of catalytically active sites as well as superior electrical conduc-
tivity for a fast electron transfer process (Fig. 8d)."®*

3. Transfer hydrogenation using
methanol as a hydrogen source
3.1. Catalyst design for thermocatalytic hydrogenation

In addition to formic acid, methanol produced from CO,
direct reduction and petroleum and biomass chemical industry
is also considered as a good hydrogen donor since it is in-
expensive and easy to handle, involving environmentally benign
by-products, do not require elaborate experimental setups, such
as high pressure reactors, and are more stable than molecular
hydrogen.?*'%*'8 Compared with formic acid, methanol is less
corrosive to experimental equipment and catalysts.

3.1.1 Precious metal-based heterogeneous catalysts. Like
the formic acid system, the Pd site is one of the most effective
and widely studied catalytically active sites due to its special
electronic structure. Goyal et al employed a commercial
carbon-supported palladium (Pd/C) catalyst that catalyzed
N-methylation of nitroaromatics and amines using methanol
as the C1 and H source. More than thirty structurally diverse
N-methylamine including bioactive compounds, were syn-
thesized with a high yield of up to 95%. In addition, selective
N-methylation and deuteration of the nonsteroidal anti-inflam-
matory drug nimesulide were achieved by late functionali-
zation.'®® Lee et al. synthesized biodiesel from soybean oil by
transesterification and catalytic transfer hydrogenation on Pd/
ZSM-5 or commercial Pd/Al,O; in methanol. Although the dis-
persion of Pd NPs on Pd/ZSM-5 was higher than that of Pd/
AL, O3, the activity of Pd/ZSM-5 was lower due to the unique
pore structure of ZSM-5.'®" In addition to the Pd site, Zhu
et al. prepared a recyclable ZnO supported Ir catalyst for the
transfer hydrogenation of aldehydes and ketones at 110 °C
with methanol as the hydrogen source, and the yield of
alcohol could reach 98%. The mechanism study showed that
methanol was first dehydrogenated to formaldehyde, and then
completely decomposed into active hydrogen species for sub-
sequent hydrogenation. This excellent performance was
related to the ratio of high positive charge IrO, and its ultra-
high dispersion on ZnO. The fine coordination of IrO, and
ZnO enhanced the cleavage of O-H bonds and low-activity C-
H bonds in methanol to form active hydrogen, so that metha-
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nol decomposition and C=O hydrogenation maintained a
good balance in the transfer hydrogenation reaction.®®

3.1.2. Nonprecious metal-based heterogeneous catalysts

Copper-based NP catalysts. Due to the superior activity of
copper in hydrogen production from methanol, copper based
catalysts have received the most attention in methanol pro-
moted transfer hydrogenation. Yfanti et al. investigated the
role of different hydrogen donors in the liquid-phase hydro-
genation of glycerol to deoxypropylene glycol over the
Cu:Zn:Al catalyst. They found that methanol was the best H
donor (74% yield), followed by 2-propyl alcohol (59.6% yield)
in terms of hydrogen production and 1,2-propylene glycol pro-
duction. Formic acid was also a potential H donor, since its
activity in catalyzing hydrogen transfer was more favorable at
low H, donor/glycerol molar ratios (Fig. 9a).'®° Tang et al. per-
formed the hydrocyclization of methyl levulinate in methanol
on a nano-Cu catalyst without external H,. The nanocrystalline
Cu catalyst can be used as a bifunctional catalyst for hydrogen
production by methanol reforming and methyl levulinate
hydrogenation.'®® Zhang et al. synthesized a series of Cu-based
catalysts with different supports (Cu/Al,03, Cu/ZnO, Cu/ZrO,
and Cu/CeO,) to study the in situ hydrogenation of 5-hydroxy-
methylfurfural to 2,5-dimethylfuran using methanol as an
economic hydrogen supplier. The results showed that different
supports exhibited significant effects on the activity of metha-
nol dehydrogenation and 5-hydroxymethylfurfural hydrogen-
ation of Cu-based catalysts. The best catalytic activity of Cu/
Al,O; with the smallest grain size of Cu and the strongest
acidity was attributed to the highest in situ hydrogen pro-
duction activity of methanol.'®" Awan et al. tested a copper-
nickel mixed catalyst prepared by calcination of iron and alu-
minium hydrotalcites (layered double hydroxides, LDH) in the
conversion of a lignin model dimer in subcritical methanol.
The presence of copper was essential for efficient hydrogen-
ation, either through the direct transfer of hydrogen from
methanol to aldehyde groups or through reactivity of methanol
reforming products. TPR experiments showed that the
enhanced reducibility of Cu catalysts promoted the hydrogen-
ation activity, which was related to the presence of other oxide
components. They showed that copper was formed by the
reduction of CuO by methanol, and the modification of the
oxide catalyst in the reaction medium played a major role in
the formation of the active site.'®> Zhang et al. synthesized a
ZrO,-supported nano-Cu catalyst (monooblique ZrO,: m-ZrO,;
tetragonal ZrO,: t-ZrO,). In the methanol-water system, the
catalytic performance of the Cu/t-ZrO, catalyst for lauric acid
hydrogenation was significantly better than that of the Cu/
m-ZrO, catalyst. The low efficiency of m-ZrO, as a support was
attributed to the weak adsorption of reactants and intermedi-
ate molecules and the absence of oxygen vacancy in the crystal
phase. The DFT calculations further indicated that the metal-
support interface played an important role in promoting the
cleavage of C-O or H-H bonds in both possible reaction paths,
thereby reducing the activation barrier of the whole reaction
(Fig. 9b).>° Zhang et al. screened a series of cheap Cu-based
catalysts from hydrotalcite precursors using methanol as the
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Fig. 9 (a) Hydrodeoxygenation of glycerol to 1,2-propanediol over the Cu : Zn: Al catalyst. Reproduced and modified with permission from ref. 189.
Copyright 2020 Elsevier. (b) Schematic diagram of the synthesis of Cu/ZrO, via different preparation methods and reduction temperatures.
Reproduced with permission from ref. 26. Copyright 2020 American Chemical Society. (c) The catalytic mechanism for methanol-mediated
H-transfer transformation of furfural over CuO,. Reproduced with permission from ref. 194. Copyright 2022 Elsevier. (d) Schematic illustration of the
catalytic transfer hydrogenation over synergistic Co/HAP catalysts. Reproduced with permission from ref. 196. Copyright 2021 American Chemical
Society. (e) The gas-phase production of 2-methylfurfural using a FeVO, catalyst. Reproduced with permission from ref. 197. Copyright 2017 Royal
Society of Chemistry. (f) The catalytic reaction mechanism for conversion of FUR in aliphatic alcohol. Reproduced with permission from ref. 198.

Copyright 2019 Elsevier.

solvent and hydrogen donor to selectively transfer hydrogenate
furfural to furfuryl alcohol and 2-methylfuran. The Cu-based
catalyst had good selectivity for transfer hydrogenation of fur-
fural to furfuryl alcohol, and the furfuryl alcohol yield in 473 K
methanol was 94.0 mol%. The Cu catalyst used CuO and Cu,O
as catalysts and methanol as a hydrogen source to conduct
transfer hydrogenation of furfural. The characterization and
experimental results showed that the conversion of furfural-
furfuryl alcohol and furfural-2-methylfuran depended largely
on the hydrogen production, and furfural-2-methylfuran was
further treated with H,/N, at 773 K and Cu was formed in the
activated sample. Interestingly, the resulting activated copper
catalyst was favorable for the conversion of furfural to
2-methylfuran with a yield of 94.1 mol% at 513 K."** Zhang
et al. determined the capacity of methanol reforming and the
adsorption strength of furfural on CuO,. DFT calculations
showed that the CuO (200) surface had low free energy and
energy barrier for methanol reforming and furfural transfer
hydrogenation (Fig. 9¢).'®* Besides, Li et al. prepared the Cu®/
Cu,0-SiO, catalyst, which can selectively generate 2-methyl-
furan with a yield of 90% from furfural at 220 °C within 2 h.
Methanol was used in situ to produce high purity hydrogen
(92% content), and the nearly CO free atmosphere avoided tox-
icity at Cu sites. The structure-activity relationship showed
that Cu® or Cu,O or the physical mixture of Cu® and Cu,O had
no activity, but the hydrogen-reduced layered copper silicate
samples with a rich Cu®/Cu,0-SiO, interface had high activity
in both methanol decomposition and furfural hydrodeoxy-
genation reactions.'*®

In addition to the copper site, Yao et al. studied the cata-
lytic transfer hydrogenation of methyl stearate to octadecyl

1050 | Nanoscale, 2024, 16, 1038-1057

alcohol with methanol and water as hydrogen donors over the
Co/hydroxyapatite catalyst. Characterization and DFT calcu-
lations showed that the strong interaction between Co and
hydroxyapatite support in the catalyst enhanced the electron
transfer ability, and the combination of Co%/Co®" active sites
can synergically promote H, formation and hydrogenation of
methyl stearate in the methanol/water system (Fig. 9d)."*°
Grazia et al. studied the process of producing 2-methylfuran in
the gas phase of furfural using methanol as H transfer agent
and FeVO, as the catalyst. At 320 °C, the yield of 2-methylfuran
can reach 80%, with small amounts of 2,5-dimethylfuran and
2-vinylfuran as byproducts. The characterization of the catalyst
indicated that the reduction of FeVO, occurred under real con-
ditions, leading to the in situ development of the truly active
phase (Fig. 9¢)."®” Zhang et al. prepared a novel Ni@R-Ca cata-
lyst for catalytic transfer hydrogenation of furfural under mild
reaction conditions. With methanol as the reaction medium,
furfuryl alcohol can be obtained as the only product with a
99% yield. The synergistic effect of metal Ni and R-Ca lattice
played a crucial role in the efficient transformation of furfural
(Fig. 9f)."® Luo et al. investigated the synergistic effect of Fe
and Ni over Ni-Fe/SBA-15 catalysts for the synthesis of
y-valerolactone from levulinic acid with methanol as the only
hydrogen donor. The results of H,-TPD and XPS indicated that
electron transfer occurred from Fe to Ni, which was favorable
for the activation of the C=0 bond and dissociative activation
of the H, molecule.*®®

3.2 Photocatalytic hydrogenation catalysts

First, pure semiconductors such as TiO, show excellent conver-
sions and selectivities for this photocatalytic hydrogenation.
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Wu et al. found that selective conversion of the key ligno-
cellulosic platform compounds such as furfural and vanillin
could be achieved through photocatalysis by controlling the
TiO, exposure surface. The surface dependent density of
oxygen vacancy determined the charge distribution and
adsorption strength of surface species, thus controlling the
selectivity of products (Fig. 10a).>°® Besides, Zhao et al.
designed a photocatalytic transfer hydrogenation system using

CH0H HCHO
a Selective TiO, photocatalysis b )<\ %
a §

{oor}
Ov
NaBH,
{101} ——r,
N OV-TiO,_ {hKl}
ooy
oy

Fig. 10 (a) Schematic illustration for the selectivity control by surface
engineering of titanium oxide. Reproduced with permission from ref.
200. Copyright 2020 Elsevier. (b) The catalytic reaction mechanism for
transfer hydrogenation on the Pd—Pt alloy cocatalyst. Reproduced with
permission from ref. 201. Copyright 2014 Wiley-VCH. (c) Preparation
schematic of TiO,-based catalysts with different crystal surfaces and
specific oxygen vacancy (Ov). Reproduced with permission from ref.
202. Copyright 2022 Elsevier.

Development

® Surface and interface property regulation
(morphology, structure, bimetallic... )

Heteroatoms doping (N, S, P...)
Single-atomic or cluster catalysts
Metal-support interaction regulation

separation...)

Challenges

Harsh reaction conditions

Strong corrosive property (fori

'b '!{ity of hydrogen (me ‘ 10
ice and scarcity of precious/n

Loy efficiency and stability of nof

View Article Online

Review

solar energy as energy input and methanol as the hydrogen
source. In this respect, the Pd-Pt/TiO, bimetallic alloy catalyst
showed significantly better photocatalytic performance than
Pd/TiO, or Pt/TiO, alone. They revealed holes with strong oxi-
dation ability spread to the surface of TiO,, triggering the oxi-
dation of adsorbed methanol into formaldehyde or other deep
oxidation products, accompanied by the release of hydrogen
ions. Photoinduced electrons on the surface of the precious
metal reduced protons to hydrogen atoms, thus forming
surface hydrides that can react with the unsaturated C=0O or
C=C groups of the substrate molecules adsorbed on the
surface (Fig. 10b).>°" Jian et al. developed a new strategy to
control the activity/selectivity of biomass reduction upgrading
to biofuels at room temperature by engineering oxygen
vacancies and manipulating the exposed crystal surfaces of
TiO,-based catalysts. The (101) crystal plane was more likely to
generate more oxygen vacancies in situ than the (001) and
(110) crystal planes. And the formation of oxygen vacancies
was not only beneficial for the adsorption and activation of
biobased carbonyl, but also can improve the migration
efficiency of photogenerated carrier, effectively adjusting the
semiconductor band structure of the TiO,-based photocatalyst
and promoting visible light absorption, and thus improve the
overall reduction and transformation process (Fig. 10c).>*>

4. Conclusion

In this review, we have presented the recent progress in the
development of heterogeneous catalysts with excellent catalytic
performance for transfer hydrogenation reactions using formic
acid and methanol as the hydrogen sources by thermocatalytic

Future

® Using nonprecious or single-atomic metals to solve the
problems of cost, activity and stability

® Developing high-efficiency photocatalysis to solve
energy consumption.and environmental pollution

».

Photocatalytic materials (light absorption, charge

Scheme 4 The proposed challenges and opportunities for the development of heterogeneous catalysts in this area.
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and photocatalytic strategies. Many efforts have been made to
realize the rational design and synthesis of highly efficient cat-
alysts. However, there are some challenges and opportunities
for future work in this area as follows (Scheme 4):

For transfer hydrogenation using formic acid as the hydro-
gen source, the catalyst stability remains the biggest challenge
due to the corrosive nature of formic acid solutions, especially
for the nonprecious ones. In order to reduce coke deposition
and metal leaching, strengthening the interactions between
metals and supports or adding some protective layers such as
carbon layers will be effective, but it will inevitably affect the
catalytic activity. Therefore, it is a key scientific issue to
develop new synthetic routes to achieve simultaneous improve-
ment of activity and stability. Given the cost and scarcity, a
nonprecious metal catalyst is a better choice, and a single-
atom catalyst may be a big breakthrough. Photocatalysis or
electrocatalysis technology also needs to be introduced into
the system to solve the problem of excessive energy consump-
tion and environmental pollution, but it needs separation and
purification technologies.

For transfer hydrogenation using methanol as the hydrogen
source, the decomposition of methanol to produce hydrogen
is a difficult issue. The methanol systems usually require
harsh reaction conditions such as high reaction temperature,
which require the design and synthesis of efficient catalysts to
make the reaction conditions milder. Recently, photocatalytic
hydrogen generation of methanol has been developed rapidly,
which means that photocatalytic technology may be a way to
achieve this kind of transfer hydrogenation. The catalyst stabi-
lity is also an important issue for practical applications, and it
is a feasible strategy to develop catalysts with a special struc-
ture which is conducive to strengthening metal-support
interactions.

Finally, we hope that our review will provide a clearer
picture for researchers in related fields, as well as serve as a
guide for future research direction.
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