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The ever-growing atmospheric CO, concentration threatening the environmental sustainability of
humankind makes the reduction of CO, to chemicals or fuels an ideal solution. Two priorities are
anticipated for the conversion technology, high efficiency and net carbon benefit, to ensure the
mitigation of the CO, problem both promptly and sustainably. Until now, catalytic hydrogenation or
solar/electro-chemical CO, conversion have achieved CO, reduction promisingly while, to some extent,
compromising to fulfill the two rules, and thus alternative approaches for CO, reduction are necessary.
Natural geochemical processes as abiotic CO, reductions give hints for efficient CO, reduction by
building hydrothermal reaction systems, and this type of reaction atmosphere provides room for
introducing renewable substances as reductants, which offers the possibility to achieve CO, reduction
with net carbon benefit. While the progress in CO, reduction has been abundantly summarized, reviews
on hydrothermal CO, reduction are relatively scarce and, more importantly, few have focused on CO,
reduction with renewable reductants with the consideration of both scale of efficiency and sustainability.
This review provides a fundamental and critical review of metal, biomass and polymer waste as reducing
agents for hydrothermal CO, reduction. Various products including formic acid, methanol, methane and
multi-carbon chemicals can be formed, and effects of operational parameters such as temperature,
batch holding time, pH value and water filing as well as detailed reaction mechanisms are illustrated.
Particularly, the critical roles of high temperature and pressure water as reaction promotor and catalyst
in hydrothermal CO, conversion are discussed at the mechanistic level. More importantly, this review
compares hydrothermal CO, reduction with other methods such as catalytic hydrogenation and photo/
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electrocatalysis, evaluating their efficiency and potential for net carbon benefit. The aim of this review is to
promote the understanding of CO, activation under a hydrothermal environment and provide insights into

the efficient and sustainable strategy of hydrothermal CO, conversion for future fundamental research and

industrial applications.

1 Introduction

The world is currently facing an energy crisis since the demand
for energy continuously grows to support the rapid development
of the society. This has resulted in a heavy reliance on carbon-
intensive energy sources, leading to increasing levels of
carbon dioxide (CO,) emissions. Given that CO, is a major
greenhouse gas, extensive emissions of CO, will bring a series of
negative impacts including global warming, ocean acidification,
melting of polar ice caps, and other environmental problems.*
As the world grapples with challenges related to climate change
and energy security, the importance of utilizing CO, as a carbon
resource is increasingly recognized for its potential to mitigate
climate change and promote sustainable development. In this
context, CO, can be viewed as a valuable resource that can be
utilized in various ways such as in the production of fuels,
chemicals, and materials,** which can reduce greenhouse gas
emissions, create economic opportunities, and promote the
transition to a low-carbon economy.

When fully considering the utilization of CO, as a carbon
source to build an environmentally benign and sustainable
society for the future, the underlying technologies are expected
to achieve two targets: net carbon benefit and high efficiency,
which ideally require no extra fossil fuel sourced energy during
the whole CO, reduction process and simultaneously an effi-
cient conversion process. This consideration aligns with the
growing consensus that sustainability should be integrated into
the performance metrics of conversion systems.® In recent
years, various catalytic methods, including catalytic hydroge-
nation,”® photo-catalysis,”'® electrocatalysis,'"* the recently

arisen photo-thermal catalysis,”'* and photo-electro
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catalysis,”™*® have been applied to convert CO, into high-
value-added products. During these processes, carbon-
containing compounds like formic acid, methanol, methane,
acetic acid, ethylene, and even long-chain alkanes are formed,
which can serve as chemical stocks or fuels depending on the
circumstances.'”* However, bottlenecks in enhancing the effi-
ciency of photo-catalysis or large consumption of high-quality
electricity during the electro-catalytic CO, reduction process
and the necessity of delicately prepared catalysts restrict their
applications. For catalytic CO, hydrogenation, hydrogen is an
essential raw material, yet it has complex systematic issues in its
preparation, storage, and transportation processes, which rely
heavily on fossil fuels as the energy supplier.>* Consequently, to
meet the undeniable requirements of net carbon benefit and
highly efficient CO, reduction, alternative approaches that
balance the paradox are anticipated.

Natural geochemical processes that regulate the carbon
cycle, including the transformation of CO, over geological
timescales, could be instrumental in counteracting anthropo-
genic CO, emissions. In the absence of solar irradiation and
electrical power, Earth's natural hydrothermal reduction envi-
ronments, enhanced by the significant catalytic properties of
bedrock minerals, can abiotically reduce CO, into long-chain
hydrocarbons and organic compounds like carboxylic acids.*
This process is also postulated to have facilitated the origin of
life and the formation of most natural petroleum deposits.”>**
Mimicking this natural phenomenon, efficient CO, reduction
could be achieved using artificially constructed hydrothermal
reaction systems.>® Compared to solar/electro-catalytic CO,
reduction or catalytic CO, hydrogenation, under hydrothermal
conditions, high-temperature water creates an environment
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that facilitates the utilization of various hydrogen sources, such
as metals, biomass, and even organic waste, for CO, reduction,
demonstrating a flexibility in selecting reductant feedstock
which eliminates the need for gaseous hydrogen or high-quality
electricity. Additionally, owing to the vigorousness of the
hydrothermal reaction, highly efficient and fast CO, reduction
could be achieved, providing prospects for large scale applica-
tion. Further advances in hydrothermal CO, reduction lie in the
direct reduction of bicarbonate or carbonate (HCO;~ or CO;>"),
since CO, generally needs to be captured from either the
atmosphere or point sources by alkaline absorbents before
utilization, and this process transforms CO, into HCO; ~ and/or
CO;>” (the final products are pH dependent), while for solar/
electro-catalytic CO, reduction or catalytic CO, hydrogenation,
generally only gaseous CO, can be directly reduced. However,
central to this geochemically inspired approach is the selection
of appropriate reductants. The ideal reductants should be
renewable hydrogen sources or regenerable through renewable
energy, ensuring that the CO, reduction process aligns with the
principles of sustainability.

A series of pioneering studies on CO, reduction by building
hydrothermal reaction systems have been reported, in which
various zero-valent metals such as Fe, Zn, Mn have been used as
reductants for in situ hydrogen production.**** While CO, was
successfully reduced to C; or C,, products, the zero-valent
metals were oxidized to the corresponding metal oxides,
leading to the metals being discarded after one use. To cope
with this issue, the regeneration of metals using renewable
energy becomes necessary. When Fe was used as the reductant
to hydrothermally convert CO,, the corresponding oxidized
high valence metal could be reduced to zero valence by biomass
or biomass derivatives with the formation of organic acids,
which means no metal consumption during those processes,
and both CO, and the biomass can be converted to high value-
added products.****-*> Furthermore, in the systematic work by A.
Steinfeld,>® the heat obtained from concentrated solar radiation
was utilized to drive multiple cycles of metal oxide redox pairs,
including Zn/ZnO, potentially offering Zn as another reductant
for CO, conversion. This research substantiates the proposal
that the reduction of CO, can be driven by the redox reactions of
zero-valent metals (Fe or Zn), underscoring a critical mecha-
nism by which these metals facilitate the transformation of CO,
into various reduced forms without being consumed.

Intriguingly, biomass and bio-related organic compounds
containing highly active and reductive functional groups (-OH, -
CHO, -NH,) can produce hydrogen in hydrothermal environ-
ments, rendering biochemicals as a viable hydrogen donor for
CO, reduction. Since biomass stores solar energy, using it to drive
CO, reduction offers great potential in achieving net-zero emis-
sion reaction systems. Moreover, as CO, is naturally fixed
through photosynthesis in biomass, additional CO, reduction
with biomass allows double CO, fixation. Following this concept,
wastes such as polyvinyl chloride (PVC) have the potential to
generate reductive functional groups such as -OH if processed
properly, offering another potential and economic reductant for
CO, reduction. Thus, the employment of regenerable metals,
biomass, or organic waste as renewable reductants for CO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction under hydrothermal conditions becomes a plausible
solution for efficient and net carbon benefit CO, reduction
(the notion of CO, reduction with renewable reductants under
hydrothermal conditions is illustrated in Fig. 1).

Despite the technologies for CO, reduction being readily
summarized, hydrothermal CO, reduction is relatively new with
scarce reviews in this field, and more importantly, few discuss
this issue with consideration for both efficiency and sustain-
ability. Starting with the advantages and geologic origin of
a hydrothermal environment for CO, reduction, this minireview
systematically summarizes recent advances in hydrothermal
CO, reduction using metals (Fe or Zn), biomass, and polymer
wastes, discussing operational factors such as temperature,
reaction time, pH value, and pressure. The superiority of CO,
reduction under hydrothermal conditions is illustrated at
a mechanistic level, revealing the catalytic influence of hydro-
thermal conditions based on the intrinsic characteristics of the
hydrothermal environment, with a specific section emphasizing
the promoting function of water molecules. For the primary
purpose of advancing CO, reduction with net carbon benefit
and high efficiency, this review compares the summarized
approaches with reported methods such as catalytic hydroge-
nation or photo/electric catalyzed CO, reduction, analyzing the
degree of carbon mitigation, and therefore provides insights on
the efficient and sustainable strategy of hydrothermal CO,
conversion for future fundamental research and industrial
applications.

2 The origin of life under
hydrothermal conditions and insights
on CO, reduction

High temperature and high pressure water (HTHP water) in
hydrothermal conditions is recognized as an important factor

in various geological processes, such as hydrothermal circula-
tion, ore deposition, and rock alteration,* occurring in both
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Fig. 1 Comparison of CO, reduction by renewable reductants under
hydrothermal conditions with solar/electro-catalytic CO, reduction or
catalytic CO, hydrogenation.
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sub-aerial and sub-seafloor environments and profoundly
affecting the physicochemical properties of rocks and fluids. At
elevated temperature and pressure, HTHP water exhibits as
good solubility for organics and gases as many nonpolar
organic solvents due to its lower dielectric constant (&), which
decreases from about 80 at ambient condition to 5 at the critical
point®®* (374 °C and 22.1 MPa). Another significant factor is
the ionic product of HTHP water (K, = [H']-[OH]; [H'] =
[OH]). For instance, at ambient conditions, K, is 10~"* (mol
kg™"),2 but it can sharply rise to a maximum of 10~ '" at around
250 °C.** This increase in the concentration of H" or OH™ ions
can facilitate acid/base-catalyzed reactions, which can signifi-
cantly accelerate reactions, such as the dehydration of carbo-
hydrates and alcohols. The diffusion rate of supercritical water
is reduced to nearly 1/100 that of liquid water. The weak inter-
action of hydrogen bonds among water molecules in the HTHP
water phase eliminates the mass transfer resistance between
interfaces.®> Consequently, the efficient heat transfer and rapid
mass diffusion resulting from the high diffusion rate and low
viscosity of HTHP water promote reaction rates, hopefully
contributing to invoke the reductive capacity of metals or
organic hydrogen sources for CO, reduction.”**

Due to its unique properties, HTHP water has been proposed
as a possible setting for the origin of life on Earth. Hydro-
thermal vents are fissures in the Earth's surface, often found
along mid-ocean ridges, where superheated water, gases (CHy,
CO,, H,S and H,), minerals (pyrrhotite, sphalerite, pyrite and
copper-iron sulfide) and metals (mainly Fe, Co and Mg) are
expelled from the ocean floor.** The presence of those mineral
surfaces in hydrothermal environments enhances the stability
and reactivity of organic compounds and provides catalytic
surfaces for prebiotic reactions.®® Furthermore, the hydro-
thermal environment can protect organic molecules from
destructive radiation and other environmental stresses,
providing a dynamic and energy-rich environment for the
emergence and evolution of early life forms.*

Inspired by the theory of the origin of deep-sea life, a series
of studies on CO, conversion under hydrothermal conditions
was conducted. Fiebig et al.*” provided definitive evidence that
CH, is generated from mixed aliquots of limestone and mantle-
derived CO, in volcanic hydrothermal systems. It was found
that CH, generation highly depends on the availabilities of Fe**,
CO, and H,O and on reaction kinetics. Furthermore, He et al.
demonstrated that the formation of Fe-OH during hydro-
thermal CO, processing can enhance the adsorption of the
siderite-derived CO intermediate on Co, facilitating efficient
C-C coupling in which C,4: long chain hydrocarbons were
synthesized under 300 °C and 30 MPa hydrothermal condi-
tions.” These findings support the abiogenic hypothesis for
petroleum deposits, propose a method for nonnoble metal-
catalyzed CO, conversion to petroleum fuel, and contribute to
a better understanding of the emergence of life. Amino acids,
such as glycine, can also be synthesized from simple inorganic
chemicals like HCHO and NHj3,*® which suggests the huge
potential of the hydrothermal environment for CO, reduction.

Considering the unique characteristics of HTHP water, the
influence of hydrothermal conditions on CO, conversion can be

9930 | Chem. Sci, 2024, 15, 9927-9948
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summarized as follows: (1) temperature and reaction time.
Temperature directly affects the ion product and dielectric
constant of high-temperature water (HTW). At 350 °C, hydro-
thermal products like formic acid primarily decompose into H,
and CH,.* This finding underscores the importance of selecting
appropriate temperature and time ranges for reducing CO,.
Furthermore, different reductants such as metals or biomass
require different reaction temperatures to stimulate hydrogen
production. For most metal-based reactions, the ideal temper-
ature and reaction time are around 250 °C and 2 h, respectively.
Biomass, however, requires a higher temperature of 300 °C or
a longer time of 3 h, probably owing to the lower reducing
capacity of biomass-derived functional groups compared to
metal compounds. (2) Water filling and pressure. Water filling
affects the reaction pressure, which significantly impacts CO,
dissolution and hydrogen partial pressure. Higher pressure
promotes higher reduction efficiency by enhancing CO, acti-
vation and facilitating the reaction direction via H, consump-
tion.*® (3) Solution pH and concentration of CO,, HCO3;~ or
CO,*". Solution pH affects CO, reduction because an acid or
alkaline environment can convert CO, to HCO;~ or CO;>~, and
different carbon sources lead to different products such as
methanol, methane, formic acid and multi-carbon products.
Furthermore, a volcano-type relationship generally exists
between the carbon source concentration and product yields,
with a proper carbon source concentration favoring reduction
efficiency while decreasing or increasing the concentration
inhibits efficient reduction.

When applying hydrothermal technology for CO, reduction
at lab scale, autoclave reactors, which can be heated to 200-
400 °C and hold pressure from 1 atm to 300 atm, are generally
adopted. According to their different heating systems, three sets
of apparatus are used, such as (1) six-batch autoclaves and Parr
reactors, which are heated through resistance wire; (2) SUS 316
tubular reactors, which are used in a salt bath and (3) electro-
magnetic induction reactors heated by the electromagnetic
effect (Fig. 2). Due to the different heating rates and stirring
modes provided by the different apparatus, each reactor is
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Fig. 2 The fundamental devices used in hydrothermal CO, conver-
sion. (a) Six-batch autoclaves, (b) Parr reactor, (c) SUS 316 tubular
reactor, (d) electromagnetic induction reactor.
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applied in different scenarios. For instance, six-batch autoclaves
and Parr reactors are the most used reactors, as the Parr reactor
offers a larger capacity, allowing exploration of industrial-scale
processes with real-time monitoring of temperature and pres-
sure. On the other hand, when rapid heating rates are needed,
SUS 316 tubular reactors are used; they are commonly chosen
when biomass serves as the reductant. The electromagnetic
induction reactor has a larger volume and, under the influence
of a magnetic field, effective CO, reduction to long-chain
hydrocarbons or multi-carbon products is achieved.

3 Hydrothermal CO, reduction with
zero-valent metal/metal oxide redox
cycles

The strategy for CO, reduction under hydrothermal conditions
using zero-valent metal (M°)/metal oxide (MO,) redox cycles
involves the production of formic acid and hydrogen via the
oxidation of the M° in the first step. In the second step, MO, is
reduced with solar energy or by a suitable biomass derivative
such as glycerin or glucose, resulting in the production of
organic acids like formic, acetic, and lactic acids, as shown in
Fig. 3. In this context, the following section summarizes CO,
hydrothermal reduction with Fe or Zn as the reductant,
focusing on the reaction characteristics, parameters, and
mechanism.

3.1 Hydrothermal CO, reduction with Fe

Using Fe powder as the reductant in a hydrothermal environ-
ment, Nakamichi Yamasaki commenced CO, reduction at the
beginning of this century.”” He developed a continuous flow
system operating at 200 °C and 2.0 MPa of constant CO, flow in
a hydrothermal environment. When processing carbon steel
scraps without Ni powder, no organic compounds were detec-
ted. However, with the addition of Ni powder, formic acid
formation was observed. Extending the reaction time to 72
hours, He et al.>® used Fe powder as a reductant at 200 °C to
successfully reduce CO, to formic and acetic acids. During this
process, Fe powder acts both as a reductant and a catalyst for
CO, reduction. As illustrated in Fig. 4a, the reaction begins with
Fe powder reacting with water to generate H,, while dissolved
CO, molecules are adsorbed on the surface of Fe. Under the
influence of hydrogen, CO, is reduced to intermediate A, which
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Fig. 3 Hydrothermal CO, reduction with zero-valent metal/metal
oxide redox cycles.
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subsequently hydrolyzes to form formic acid. Intermediate A
continues to react with hydrogen, forming intermediate B, and,
eventually, intermediates A and B react to form intermediate C,
hydrolyzing into acetic acid. Additionally, phenol can be formed
with Fe powder at 200 °C, 1.4 MPa CO,, and 120 h of hydro-
thermal conditions with a yield of 1.21%.”" The reaction
mechanism, shown in Fig. 4b, involves CO, adsorption and
binding to the Fe surface. Concurrently, Fe reacts with water to
produce H, and Fe*", On the Fe powder surface, activated CO,
forms formaldehyde, eventually transforming into phenol
under the action of hydrogen. This process includes two simple
reaction types: oxidative coupling and rearrangement reactions.
The generation of H, is the rate-determining step in acceler-
ating the reaction, and water is essential as a hydrogen source.
Once hydrogen is produced from the reaction of Fe with water,
the reaction proceeds rapidly, and the yield of phenol increases
in acidic media.” Wu et al.* initially utilized NaHCOj; to replace
CO, in the reaction, due to the fact that, under high-
temperature and high-pressure conditions, CO, readily
dissolves in alkaline aqueous solutions, which leads to an
equilibrium involving CO,, H,0, HCO;~, CO5>~, and OH ™ ions,
similar to conditions in NaHCO; aqueous solutions. No
hydrogen was generated in the absence of NaHCOj3, while the
hydrogen yield linearly increased with the addition of NaHCO3,
indicating that NaHCO; can effectively enhance hydrogen
production from HTHP water. XRD and Raman results indi-
cated no change in Fe valence in the absence of NaHCOs;
however, Fe was oxidized to Fe;0, in the presence of NaHCOj3,
accompanied by the formation of hydrogen gas. Furthermore,
with an increase in NaHCO; concentration, an increase in Fe;O,
crystallization was observed. Thus, hydrogen was produced
from the reaction of H,O with Fe enhanced by NaHCO;. For
formate yield from hydrothermal NaHCO; conversion, the
amount of Fe significantly influenced the yield. The formate
yield increased from 1.6% to 10.7% when raising the Fe amount
from 2 to 8 mmol under the conditions of 1 mmol NaHCO;,
2 mL H,0, 573 K, 2 h time and 35% water filling.

To enhance the productivity of CO, reduction with Fe under
hydrothermal conditions for possible application of the reac-
tion, heterogeneous catalysts were added. The impact of Ni
addition was demonstrated, and the yield of formic acid
increased from 1.16% to 5.4% with incorporation of Ni.>® The
Ni/Fe ratio significantly influences the yield of formic acid. As
the Ni/Fe ratio increased from 1/2 to 1/1, the yield of formic acid
rose from 9.1% to 15.6%. However, a higher Ni/Fe ratio resulted
in a slight decrease in yield, as more Ni sites facilitated the
conversion of formic acid to CH,. Additionally, Chen et al.®
found that temperatures exceeding 350 °C, particularly under
supercritical water conditions, significantly accelerated the
further reduction of formic acid to methane. Like Ni, Cu
exhibited both positive and negative effects on formic acid
formation. With Cu additions of less than 12 mmol, there was
an increase in the yield of formic acid. However, when Cu
exceeded 12 mmol, a sharp decrease in the yield of formic acid
occurred, as excessive Cu led to the decomposition of formic
acid. The highest formic acid yield, 71.3%, was achieved under
the conditions of Fe: Cu = 1:1 for 2 h at 573 K.*® In summary,

Chem. Sci., 2024, 15, 9927-9948 | 9931
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(a) Proposed mechanism for the formation of formic acid and acetic acid in the presence of Fe powder and CO, under hydrothermal

conditions.®®* This figure has been reproduced from ref. 53 with permission from American Chemical Society, copyright 2010. (b) Proposed
mechanism of phenol formation” (® refers to the oxidative coupling reactions, and @ refers to the rearrangement reactions). This figure has
been reproduced from ref. 72 with permission from American Chemical Society, copyright 2007.

with Ni or Cu as the catalyst, an appropriate amount is essential
to maximize the yield of formic acid.

A significant breakthrough in CO, hydrothermal reduction
using Fe as the reductant occurred upon proper adjustment of
the Fe amount. Duo et al.** found that the amount of Fe was
a decisive factor for CO, reduction. Under the conditions of
1 mmol per L NaHCOj;, 300 °C and 2 h, formate yield was
dramatically increased from 12% to a peak of 91% as Fe loading
was increased from 4 mmol to 24 mmol. Integrating XRD, XPS
characterization analysis, and kinetic experimental results,
a self-catalytic reaction mechanism was proposed, incorpo-
rating a short induction and a rapid formation phase. Initially,
in the first 5-10 minutes, hydrogen and Fe;O, with more oxygen
vacancies (Fe;O,_,) were formed. Subsequently, this oxygen
vacancy containing Fe;O, , served as a catalyst to convert
HCO; ™, leading to a sharp increase in formate yield during the
10-30 minute period. Kinetic modelling indicates that the acti-
vation energy for the formate formation from HCO;™ reduction
is 28 kJ mol*,”* much lower than the 80 kJ mol * reported in
previous studies on conventional hydrogenation of CO, using
pincer-supported Ni hydrides as a catalyst,” demonstrating the
supportive contribution of the self-catalytic reaction mecha-
nism. Further support for the self-catalytic mechanism was
obtained from the XPS analysis for both recovered and
commercially available Fe;0,. As shown in Fig. 5a, the Fe**/Fe**
ratio of the recovered Fe;0, was 0.89 : 0.11, which is higher than
the theoretical ratio of Fe;O, (0.33:0.67), indicating in situ
reduction of Fe*" into Fe*' on the surface of Fe;0,. This result
was likely caused by the hydrogen formation from Fe oxidation,
enhanced by the presence of NaHCO;.

Based on the experimental results, a possible mechanism for
the reduction of NaHCO; to formate by Fe is proposed in

9932 | Chem. Sci., 2024, 15, 9927-9948

Fig. 5b. Initially, Fe undergoes oxidation to Fe;O, in water in the
presence of HCO; ™ to form a great amount of hydrogen which
simultaneously in situ reduced Fe;0,, creating more active sites
on the surface of Fe;O, ,. Subsequently, the generated
hydrogen and HCO;™ become activated upon adsorption on the
Fe;0,_, surface. Following this, the activated H on the Fe;O4_,
surface attacks C=0, resulting in the release of the hydroxyl
group from HCO; . Ultimately, this process leads to the
formation of formate accompanied by H,O. Furthermore, DFT
calculations suggest that the Fe-H’~ species is formed via the
dissociation of water” (Fig. 5¢ and d). The Mulliken charge of H
in the iron hydride was —0.135 in the HCO;~ hydrogenation
process, wherein a C-H bond forms in a transition state
through the attack of H*~ on C**. Ultimately, a HCOO ™~ species
was generated with an energy barrier of 16.43 kcal mol ™.

In addition to formic acid production, C, and C,; products
were also synthesized from hydrothermal CO, reduction using
Fe as the reductant., With RANEY®-Ni instead of Ni powder, the
resulting in situ RANEY®-Ni/Fe;O, acted as a bifunctional
catalyst, facilitating the production of acetate.** A mechanistic
study reveals that Fe;O, is active for the formation of in situ
hydrogen from water and in synthesizing formate, while the
RANEY®-Ni site enhances the intermediate CO and its adsorp-
tion, leading to further hydrogenation to methylene. Subse-
quently, acetate was produced through the combination of
formate and methylene on the RANEY®-Ni surface.

Moreover, long-chain hydrocarbons (up to C,,) were for the
first time synthesized using Fe as the reductant and Co as the
catalyst in a hydrothermal environment.”® At 300 °C, the in situ
formed Fe-OH, confirmed by operando infrared spectroscopy,
enhanced CO adsorption on the Co site, thereby favoring
further reduction to long-chain hydrocarbons (as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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parameters of the initial, transition and final states of HCO3 ™ reduction with Fe. (d) Potential energy diagram for HCOO™ production from HCO3z~

reduction with Fe.”

Fig. 6). It should be noted that under these hydrothermal
conditions, the traditional issue of water-induced deactivation
of Co can be inhibited by bicarbonate-assisted CoO, reduction,
leading to the formation of honeycomb-native Co nanosheets as
a new motif. Accordingly, the Co° promoter responsible for
synthesizing long-chain hydrocarbons is extraordinarily stable
when coupled with Fe-OH formation.

3.2 Hydrothermal CO, reduction with Zn

When the reductant switched from Fe to Zn, methanol can be
directly generated from the hydrothermal conversion of CO,,
with HCI playing a crucial role. Huo et al.*® found an increase in
methanol yield from 0.6% to 4.2% as the HCI concentration
increased from 0.5 M to 2 M, and a maximum methanol yield of
11.4% was achieved at 350 °C for 3 h using 70 mmol Cu,

® % o
zi H,0® ¢ f ¢ f ¢
¢
+ T C Hape
HCOOH HCO,;~  Transfer O H Couplin Vi
- = T 9 X : )‘p xg
Decomposition o) / .}-‘\o o Q I T
O { o) . O,
H] =
FeCO, | I O: L
Fe Fe

Fig. 6 Proposed hydrothermal reduction mechanism of NaHCOg3 into
long-chain hydrocarbons.?

© 2024 The Author(s). Published by the Royal Society of Chemistry

60 mmol Zn, and 2.0 M HCI. XRD analysis confirmed that Zn
was oxidized to ZnO, while Cu maintained its valence. The
proposed mechanism suggests that CO, is adsorbed on ZnO
and subsequently undergoes a stepwise hydrogenation process
to form methoxide species. Simultaneously, atomic hydrogen
generated from water decomposition is supplied by spillover
from Cu. Ultimately, methanol is formed through the hydrolysis
of methoxide groups on ZnO, accompanied by the formation of
H,0 as a by-product.

It is noteworthy that with the exclusive use of Zn for hydro-
thermal NaHCO; reduction, over 80% of formate was gener-
ated.”® XRD results (Fig. 7a) revealed that almost all Zn
underwent rapid oxidation to ZnO within 10 minutes. Addi-
tionally, the particle size of the resultant ZnO was found to be
smaller than that of the original Zn powder. Thus, HCO;™ can
be effectively and selectively reduced to formate using solely Zn,
without requiring a catalyst. Furthermore, the infrared spec-
trum indicated that Zn-H°~ is an active intermediate resulting
from the interaction between Zn and H,O, as indicated in
Fig. 7b. DFT calculations further confirmed that the Zn-H’~
species is produced via the reaction of Zn with H,0.* Specifi-
cally, it is in the form of H-Zn---O-H, attributable to the
chemisorption of H,, which drives the production of formic
acid. Subsequently, H° attacks the carbon center C** of HCO; ™,
resulting in a bond formation with carbon in a transition state.

Chem. Sci., 2024, 15, 9927-9948 | 9933
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for different reaction times,”® (b) the geometries of the transition state
in reaction of Zn-H + HCO3s~ — Zns—OH + HCOO™, (c) proposed
SN-like mechanism for the formation of HCOO™.#* This figure has
been reproduced from ref. 44 with permission from The Royal Society
of Chemistry, copyright 2016. (d) Proposed autocatalytic mechanism
of Zn/ZnO formed in water splitting for the conversion of CO, to
formic acid with Zn.”” This figure has been reproduced from ref. 77 with
permission from Elsevier, copyright 2017.

Finally, the OH™ species dissociates, leading to the formation of
HCOO™ through an SN,-like mechanism (Fig. 7c). Owing to the
reversible nature of ZnO reduction and Zn oxidation, Zn-H®~
formation occurs via the oxidation of Zn in water followed by
hydrogen adsorption on ZnO. During the initial stages of the
reaction, this in situ generated hydrogen adsorbs on ZnO
surfaces and at the Zn/ZnO interface, where oxygen vacancies
play a key role in hydrogen activation. The activated hydrogen
subsequently nucleophilically attacks bicarbonate ions, with
H’ added to the carbon of C=0, resulting in the formation of
formate. This process, in which the autocatalytic mechanism at
the Zn/ZnO interface is critical, is pivotal for the effective
conversion of HCO; ™ into formate (as shown in Fig. 7d).””

Wang et al.”® investigated the catalytic activity of various
metals (Cu, Fe, Sn) in the hydrothermal reduction of CO, using
Zn powder. Copper demonstrated the highest catalytic activity
for formic acid production, achieving a yield of up to 61%.
Zhong et al.” explored a method for converting bicarbonate into
formate using nickel (Ni) and zinc/zinc oxide (Zn/ZnO). The
process involves Ni playing a key role in enhancing the forma-
tion of oxygen vacancies at the Zn/ZnO interface. The study
showed an impressive 81% yield of formate from bicarbonate at
225 °C, representing a significant improvement over the
previous research without catalysts, which required 300 °C as
the reaction temperature.

Liu et al.® found that formic acid could also be converted to
methanol with Zn as the reductant and Cu as the catalyst. The
highest methanol yield was 32% at 300 °C for 5 h utilizing
6.5 mmol Cu and 12 mmol Zn. In this reaction, H, was derived
from both formic acid decomposition (HCOOH = CO, + H,) and
water splitting, coupled with Zn oxidation to ZnO. Subse-
quently, the newly generated H, dissociated into H(a) on the
surface of Cu/ZnO and H(a) interacted with oxygen atoms in
ZnO to produce H,O0, resulting in the formation of an oxygen
vacancy in ZnO, _,. Following this, CO, adsorbed on the oxygen
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vacancies of ZnO,_,, and residual H(a) attacked the C-O bond
near Zn to form ZnO-C-O. Therefore, the catalytic cycle
concluded with the regeneration of Cu/ZnO and the formation
of CH;OH.

4 Hydrothermal CO, reduction with
biomass or polymer wastes

Biomass is defined as all organic substances originating from
plants, encompassing algae, trees, and crops. The composition
of biomass differs based on its source but typically includes
a wide range of organic compounds like lignin, proteins,
carbohydrates (such as cellulose, starch, hemicellulose), and
lipids. These compounds are characterized by functional
groups such as hydroxyl (-OH), aldehyde (-CHO), or amino (-
NH,) groups. This section commences with a comprehensive
discussion of the hydrothermal reduction of CO, by carbohy-
drates and their derivatives, and then transitions to examining
protein-containing biomass such as microalgae and finally
lignin. Ultimately, the scope of reductants expands from
biomass to polymer wastes, which share similar functional
groups like hydroxyl (-OH), with the aim of broadening the
range of reducing agents to more economically viable sources.

4.1 Hydrothermal reduction of CO, by hydroxyl containing
alcohols

Studies of CO, reduction with carbohydrates as reductants
began with the examination of hydroxyl containing chemicals,
given that carbohydrates are characterized by their polyhydroxy
structure, and methanol as the simplest alcohol was selected as
a representative. Wang et al®* found that formate can be
successfully produced through NaHCO; reduction with meth-
anol. Thermodynamic analysis showed that this process is
favorable even at 453 K (eqn (1)).

CH;OH + 2HCO;~ — HCOOH + 2HCOO™ + H,0 (1)

A,.H° (298 K) = —74.7 kJ mol™!; 4,G’ (298 K) = —32.1 kJ mol™~!

A4,H? (453 K) = —49.7 kI mol™!; 4,G? (453 K) = —15.8 kJ mol~!

A formate yield of 68% was achieved in hydrothermal
NaHCO; reduction with methanol at 180 °C using a Pd, 5Cuy 5/C
catalyst. ">C-qNMR analysis was conducted to distinguish and
quantify formate production from NaHCO; and CH;OH.
Approximately 55% of the formate originated from HCO; ™
reduction, while the remaining 45% resulted from CH;OH
oxidation. The superiority of Pd,sCu,s/C catalyst was
concluded not only due to its cost-effective characteristic of
combining Pd and Cu but also to its role in enhancing hydrogen
production and subsequent formate generation by altering the
electronic structure of Pd by Cu. XPS analysis confirmed
synergistic interactions between Pd and Cu. Specifically, the Pd
3d peaks in the alloy exhibited a lower binding energy compared

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01265h

Open Access Article. Published on 28 May 2024. Downloaded on 6/11/2026 11:14:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

to those in Pd/C, indicating electron transfer from Cu to Pd.
This electron shift modifies the electronic structure of Pd,
reducing the hydrogen binding energy on its surface, thereby
enhancing catalytic hydrogen generation, as shown in Fig. 8a.
Furthermore, the altered Pd d-band center, distanced from the
Fermi level due to Cu integration, lowers the formate adsorp-
tion energy, thus facilitating its production and selectivity in
HCO;  reduction.

Operando hydrothermal ATR-FTIR studies, as detailed in
Fig. 8b, revealed the transformation of reactants during the
Pd, 5sCu, s/C-catalyzed reaction. An increase in temperature and
reaction time was found to enhance formate production. A blue
shift observed in the peaks of the methanol C-O bond at 1110
and 1082 cm™ " suggested its oxidation to formaldehyde. This
implies a mechanism in which CH;OH oxidizes to HCHO,
generating H,, and then HCHO reacts with H,O to produce H,
and HCOOH. The adsorption of H, and HCO;™ on Pd, 5Cug.s/C
results in formate formation through a nucleophilic attack on
the C=0 bond and C-OH bond cleavage. The potential reaction
mechanism proposed for methanol and bicarbonate reaction
under hydrothermal conditions via Pd,sCugs/C catalyst is
illustrated in Fig. 8c. Furthermore, the study explored the
reactivity of ethanol, 1-propanol, and 1-butanol in reducing
NaHCO; to formate, testing the general feasibility of alcohols.
These alcohols demonstrated activity comparable to methanol
while being converted into their respective acids. Interestingly,
the reactivity of these alcohols was found to increase marginally
with the elongation of their carbon chain.

In addition to examining hydroxyl groups on terminal
carbon atoms, isopropanol, the simplest secondary alcohol, was
also chosen as a reductant for hydrothermal CO, reduction,
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Fig. 8 (a) XPS spectra of Pd 3d in Pdg 5sCuq s/C and Pd/C, (b) operando
ATR-FTIR subtraction spectra recorded during NaHCOs reduction
with methanol, (c) reaction mechanism of HCOz~ reduction into
formate with methanol in water on the PdgsCuqs/C catalyst.3 This
figure has been reproduced from ref. 35 with permission from The
Royal Society of Chemistry, copyright 2021. (d) Possible mechanism
for hydrogen-transfer reduction of NaHCOs with isopropanol.®* This
figure has been reproduced from ref. 81 with permission from The
Royal Society of Chemistry, copyright 2011.
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with its operational parameters and reaction mechanism
systematically investigated.®* The formate yield was observed to
gradually increase with the increase in CO, quantity, tempera-
ture, and reaction time. Conditions of 300 °C and 240 minutes
were determined to be optimal. However, a moderate NaOH
concentration was necessary to produce formate, as the base
aids in improving the enthalpy of CO, reduction, while excess
base can result in CO, conversion to Na,COj;. Generally,
a formate yield of approximately 70% was achieved under
conditions of 300 °C, 0.25 mol per L isopropanol, 1.0 MPa CO,,
and 0.75 mol per L NaOH. Drawing on the traditional Meer-
wein-Ponndorf-Verley (MPV) hydrogen-transfer reduction
mechanism, which involves a cyclic transition state and the
catalytic role of water molecules, a potential mechanism is
proposed, as shown in Fig. 8d. Initially, two hydrogen bonds
form between three molecules (isopropanol, H,O, and HCO;~
or CO, resulting from the decomposition of NaHCOj;),
rendering the carbonyl-carbon of HCO;~ or CO, and the
hydride of isopropanol more electropositive. Subsequently, the
hydride from isopropanol attacks the carbonyl-carbon of
HCO;™ or CO,, leading to the formation of a cyclic transition
state. Ultimately, following the intramolecular hydride shift,
formate and acetone are produced, with the recovery of water
molecules.

Beyond methanol and isopropanol, hexanol and glycerin,
which possess multiple hydroxyl groups, were also utilized for
hydrothermal CO, reduction. Yang et al.* found that operating
parameters significantly impacted CO, conversion. Specifically,
the formic acid yield linearly increased with the initial CO,
loading, and a similar trend was observed for water filling,
reaction time, and temperature. However, an optimal pH value
was necessary to produce formic acid. The yield of formic acid
dramatically increased from a pH of 6.5 and peaked at a pH of
7.5, but excessive alkalinity could result in the conversion of
CO, to Na,CO;.** During this process, a maximum yield of 76%
for formic acid was obtained.

Under alkaline hydrothermal conditions, the reaction of
glycerol with NaHCO; primarily yields pyruvate, glycolate,
lactate, formate, and acetate. It is noteworthy that glycolate was
initially identified in reactions involving other polyols with
NaHCO:;. In these reactions, formate tends to yield CO, through
decarboxylation in the liquid phase. Wang®* combined the
results of previous research®**® and outlined three main
competitive pathways for glycerol transformation: reduction of
HCO;  and simultaneous conversion of glycerol (the lower
pathway in Fig. 9), self-degradation of glycerol in alkaline media
to lactate (the middle pathway in Fig. 9), and reverse aldol
condensation yielding glycolate, formate, and lactate (the upper
pathway in Fig. 9). For the simultaneous reduction of HCO;~
and conversion of glycerol, Shen®***® further proposed a poten-
tial transfer hydrogenation mechanism where glycerol first
undergoes dehydration to produce 2-hydroxypropanone, fol-
lowed by keto-enol tautomerization to acetol. In the second
step, potential hydrogen bonding between three molecules
(acetol, water, and CO,) enhances the electropositivity of the
carbonyl carbon on CO, and the hydride ion on acetol. The
hydride ion then attacks the carbonyl carbon, forming a cyclic
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Fig. 9 Possible reaction mechanisms of hydrothermal reduction of
HCOs™ by glycerol.®? This figure has been reproduced from ref. 82
with permission from Elsevier, copyright 2016.

transition state and ultimately yielding pyruvaldehyde and
formate with the generation of a water molecule.

Catalysts are crucial in the glycerol-driven reduction of
bicarbonate. In the reduction of bicarbonate using Ru/ZrO,
catalysts and employing biodiesel waste glycerol as a reductant,
a maximum formate yield of 25.1% was achieved, which is
a significant increase compared to the mere 4.2% yield observed
in the absence of catalysts.®” The ruthenium component in the
catalyst not only facilitates glycerol dehydrogenation but also
enhances the hydrogenation of HCO; . When employing the
Pd/AC catalyst in the bicarbonate reduction with glycerol, the
conversion of glycerol to lactate at 240 °C results in yields up to
55%, while simultaneously producing approximately 30%
formate.*® The reaction encompasses two potential hydrogen
transfer pathways: glycerol dehydrogenation forming H, gas,
which then hydrogenates bicarbonate, or direct transfer of
hydrogen from glycerol to bicarbonate. Both pathways are
catalyzed on the active sites of the Pd catalysts. For direct
hydrogen transfer, firstly, the hydrogen donor dehydrogenates
to form a palladium hydride, which then transfers the hydride
to the hydrogen acceptor; secondly, the hydrogen donor and
acceptor co-adsorb onto the Pd surface, enabling direct
hydrogen transfer on the catalyst surface without forming
hydrides.

Jaedeuk Park® devised and evaluated a two-pot/two-step
transfer hydrogenation method (2P2S) for CO, reduction with
glycerol. This method represents a comprehensive conversion
process utilizing two reactors. The 2P2S method not only
enhanced the yields of lactate and formate but also streamlined
product purification and separation, ultimately producing
lactate and formate or methyl formate (MF) while reducing the
consumption of sulfuric acid (H,SO,) and potassium sulfate
(K,S0O,) waste, offering an environmentally friendly production
route. Techno-economic and life cycle assessments reveal that
the utilization of CO, is crucial for attaining significant
economic benefits and minimizing climate change impact.
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Case studies demonstrate the lowest minimum product selling
price (MPSP) of $1.25 per kg LA and the highest net present
value (NPV) of $33.6 million, showing the economic competi-
tiveness of the process. Moreover, the process significantly
reduces material costs, as CO, utilization in the lactate and
methyl formate production pathways reduces sulfuric acid
usage and generates internal potassium bicarbonate (KHCOj3)
through recycling.

4.2 Hydrothermal reduction of CO, by carbohydrates

As glucose is the primary product of lignocellulosic biomass
hydrolysis, the reduction of CO, with glucose was systematically
investigated. Yang et al®® achieved 54% formate yield under
conditions of 0.125 mol per L glucose and 3 mol per L NaHCO;
at 300 °C, employing a two-step reaction strategy. They
proposed that the aldehyde group of glucose reduces HCO;™ to
HCOO™ via a direct hydrogen transfer mechanism concurrently
with the oxidation of glucose to gluconic acid. Subsequently,
gluconic acid undergoes direct a-cleavage, resulting in the
formation of formate and pentose (Cs aldose). Further reactions
lead to a gradual reduction in the carbon number of pentose,
followed by a mechanism identical to the aforementioned
process, culminating in the production of formate. As depicted
in Fig. 10, this process results in a total of twelve formate and
formic acid molecules originating from the reduction of
NaHCO; by glucose (pathway I). Conversely, side reaction
pathways (pathway II) also play a role in this reaction. Under
hydrothermal conditions, the produced pentose (Cs aldose) may
undergo dehydration, keto-enol tautomerism, retro-aldol reac-
tions, and benzilic acid rearrangement due to the long carbon
chain, and eventually converts to products such as glyceralde-
hyde or acetaldehyde, which reduce NaHCOj; to yield formate
with themselves oxidized to lactic acid and acetic acid. Through
this pathway, only two molecules of NaHCO; can be reduced. To
optimally minimize the influence of side reactions, Yang et al.*®
developed a two-step reaction strategy focusing on cutting the
carbon chain of glucose or cellulose, which could minimize the
side reactions of multi-carbon aldoses. With this strategy, as
high as 74% formate yield of NaHCO; reduction with direct use
of cellulose was achieved.

Support for the direct hydrogen transfer mechanism was
provided by operando hydrothermal diffuse reflectance infrared
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Fig. 10 Proposed reaction pathways of NaHCOsz reduction with
glucose.®®
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Fourier transform spectroscopy (OH-DRIFTS). Signals of form-
aldehyde and glycolic acid indicated glycolaldehyde (the inter-
mediate of glucose) oxidation, which aids NaHCO; reduction, in
assistance with the above proposed reaction pathway. The »(C-
H) signal of formate exhibited a blue shift, indicative of an
elevated C-H bond energy. This enhanced C-H bond energy,
likely caused by another functional group linked to the C atom,
is attributed to the inductive effect dispersing the electron cloud
of the central C atom, suggesting orthoformate formation,
which forms formate through loss of H,O. This shift, absent in
NaHCO; reduction with gaseous H,, directly proves NaHCO;
reduction via hydrogen transfer between the aldehyde group of
glucose and NaHCO;.

Andérez-Fernandez and colleagues®* achieved formate yields
of 65% for glucose and 35% for fructose at 300 °C, with 0.05 mol
per L reactants and 0.5 mol per L NaHCO;. They elucidated the
reasons behind the yield disparity, attributing it to the decom-
position of glucose into three C, molecules (such as glyoxal) and
fructose into two C; molecules (like glyceraldehyde and pyruvic
acid). It was discovered that under hydrothermal conditions,
sugars initially undergo retro-aldol reactions or dehydration,
forming smaller compounds like 5-hydroxymethylfurfural (5-
HMF) and furfural. These intermediates can also reduce
NaHCO;, yielding a formate production rate of 15%, and
through a series of reactions, including dehydration, keto-enol
tautomerism, retro-aldol reactions, and benzilic acid rear-
rangement, they eventually convert to products such as lactic
acid, acetic acid, and formaldehyde. In the early stages of the
reaction, formic acid is directly produced from formaldehyde
via dehydrogenation. As the reaction progresses, ‘*C-NMR
analysis detects formate from NaHCO; reduction gradually
replacing the formic acid from organic matter. The proposed
reaction mechanism includes hydrogen transfer and redox
reactions between formaldehyde and NaHCO;. Under hydro-
thermal conditions, formaldehyde may decompose through
Cannizzaro reaction or dehydrogenation, generating formic
acid and hydrogen, with the latter reacting with NaHCO; to
form formate. This mechanism also involves a collection of
reversible reactions during which formic acid and formalde-
hyde decompose into CO, CO,, and H, at high temperatures,
leading to a decrease in the total formate yield.**

Subsequently, a continuous flow reactor with the capacity to
process 1.2 liters of bicarbonate solution per hour was devel-
oped. At shorter reaction times, the primary mechanism
involves the decomposition of glucose into formic acid and
other by-products, while at longer reaction times, a higher yield
of formate was produced from bicarbonate reduction. These
results suggest that the reduction pathway of bicarbonate
occurs through the oxidation of by-products rather than the
direct oxidation of glucose itself, requiring a longer reaction
time to achieve a higher proportion of formate produced from
bicarbonate reduction. It is hypothesized that glucose decom-
poses into glyceraldehyde and glycolaldehyde, which then
further break down into formaldehyde, a crucial intermediate
in the reaction with bicarbonate to produce formate. Other final
products include acetic acid and lactic acid, alternative
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products of the decompositions of glyceraldehyde and
glycolaldehyde.*

Using a Pd/AC and Pt/AC bimetallic catalyst in ethanol-water
solvents at room temperature, Ding et al. obtained a 46% yield
of formate and 21% yield of sorbitol by coupling glucose
dehydrogenation with CO, hydrogenation. The key interme-
diate, ethyl carbonate, formed in basic aqueous ethanol, is
crucial for the hydrogenation reaction. The reaction yields are
significantly influenced by the initial pH and the amounts of
glucose, ammonium carbonate, and KOH additives; the optimal
pH for maximizing formate yield is around 11.73.° Oh et al.
further found that the addition of alcohols significantly
enhanced the catalytic activity.®* A 50% 2-propanol solution
exhibited the highest formic acid yield of 30.5%. Alkali metal
carbonates showed superior catalytic activity compared to
bicarbonates, with larger alkali metal cations effectively
increasing the yield due to higher salt solubility. The presence
of large alkali metal cations or alcohols enhanced reactivity by
increasing the interaction between reactants and the metal
surface, attributed to the water structure-breaking effect, as
illustrated in Fig. 11. This was particularly crucial for glucose
anions and bicarbonate, indicating a stronger hydration sphere
for anions than neutral molecules. By exploiting the dual effect
of large alkali metal cations and alcohols, the carbohydrate
sources could be extended to galactose and lactose.

4.3 Hydrothermal reduction of CO, by microalgae or lignin

In addition to carbohydrate biomass, microalgae are regarded
as a third generation of biomass energy due to advantages such
as rapid growth rate, high photosynthetic efficiency, and no
competition for food resources. In contrast to carbohydrate
biomass, the chemical compositions of microalgae include
abundant lipid and protein. The former is comprised of glycerol
and carboxylic acid, for which the reduction of CO, is

Glucose
" 3 @ Sorbitol
" ® > @ ® +H,
Glucose —» Glucose _&F_ Glucose. — Gluconate
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Fig. 11 The proposed reaction mechanism for simultaneous trans-
formation of glucose and alkali carbonate.®* This figure has been
reproduced from ref. 94 with permission from Elsevier, copyright
2022.
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summarized with emphasis on the reductive capacity of
hydroxyl group, and the latter is characterized by the amino
group, which is also a reductive functional group in addition to
the hydroxyl and aldehyde groups. However, few studies have
recognized and concentrated on the utilization of the amino
group in biomass, particularly in driving CO, reduction. In this
section, we summarize the hydrothermal reduction of CO, with
amino-containing model compounds and actual microalgae
biomass.

Yang et al.** conducted pioneering research on the feasibility
of hydrothermal CO, reduction using Spirulina, a commonly
known microalga. Comparative experiments demonstrated that
the sole conversion of Spirulina yielded over 15 complex prod-
ucts, primarily including organic acids (acetic acid, formic acid,
and propionic acid), chain amides (N-ethyl-acetamide, N-
methyl-acetamide, and acetamide), N-substituted 2,5-diketopi-
perazines (N-ethyl-2,5-diketopiperazine and N-methyl-2,5-
diketopiperazine), and lactams (N-ethyl-2-pyrrolidinone, N-
methyl-2-pyrrolidinone, 2-pyrrolidinone, 2-piperidinone, and 2-
oxoazepane). However, the distribution and selectivity of prod-
ucts altered when Spirulina reacted with NaHCO3, and the yields
of organic acids and lactams increased obviously, with a sharp
decrease in the production of chain amides and diketopiper-
azines, and, combined with ">*C-NMR analysis, the production
of formate from the reduction of NaHCO; was confirmed.
Systematic research on the reaction parameters indicated that
Spirulina conversion was enhanced by increasing NaHCO;
concentration. Elevating the temperature and extending the
reaction time can enhance the conversion of both Spirulina and
NaHCO;. In this instance, 325 °C and 2 h represented the
optimal conditions for formate production. The addition of
NaOH augmented formate production from NaHCO;, while its
effect on the conversion of Spirulina was limited. After
acknowledging the possible reaction mechanism, the range of
reductant substrates was expanded from Spirulina to Chlorella
and microalgae residue, demonstrating the general applica-
bility of the reaction protocol.

Amino acid is easily obtained from protein-rich microalgae
biomass. Li et al.®® chose r-alanine as the model chemical to
verify the feasibility of hydrothermal CO, reduction by amino
acid. In the presence of NaHCO;, there was a significant
increase in formate yield (9.3%), a finding also corroborated by
3C-NMR analysis with NaH'?COj as the reactant. A screening of
active metal catalysts (Cu, Co, Ni, Ru, Pd, and Pt) and suitable
supports (SiO,, CeO,, ZrO,, ZnO, and gamma-Al,03) for
hydrothermal NaHCO; reduction with r-alanine was conducted,
where Pd/y-Al,O; exhibited higher activity, achieving a formate
yield of 49.0% under conditions of 0.8 mol per L r-alanine and
0.8 mol per L NaHCO; at 325 °C for 2 hours with 0.08 g of 5%
Pd/y-Al,O3.

As depicted in Fig. 12a and b, OH-DRIFTS was also utilized to
ascertain the reaction mechanism of amino groups reducing
NaHCO;. The peaks at 3500-3300 cm ™", exhibiting a growing
negative variation pattern, were attributed to the -NH, group of
t-alanine, indicating continuous consumption of -NH, in t-
alanine during the reaction.”” Conversely, the NH," signal in the
range of 3000-2800 cm™ ' exhibited a nearly unchanged state
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Fig. 12 OH-DRIFTS spectra of L-alanine reaction with NaHCOs (a) or
without NaHCOs3 (b) (only the absorbance signal for NH4* was dis-
played in spectra (b)), (c) proposed reaction mechanism of NaHCOs3
hydrothermal reduction with L-alanine.®® This figure has been repro-
duced from ref. 96 with permission from American Chemical Society,
copyright 2021.

after 5 minutes, while this peak tended to intensify due to the
hydrolysis of amido at a rapid rate, implying the continuous
consumption of NH," over time. The signal at 1260 cm™ " was
assigned to hydroxylamine (R-NHOH). Given that hydroxyl-
amine is the product of -NH, oxidation, this signal provided
direct evidence of NaHCO; reduction via -NH, oxidation. It is
noteworthy that the R-NHOH peaks displayed an increasing
and then decreasing trend, suggesting that R-NHOH was an
intermediate in the -NH, oxidation process. Additionally,
absorbances of N-O and NO,~ were observed at 1642 cm ™' and
1570 cm™ ", respectively. Based on these results, the proposed
mechanism of amino acid reduction of NaHCO; to formate is as
follows (Fig. 12c). -NH, is first oxidized into hydroxylamine by
releasing one molecule of H,, and then hydroxylamine forms
two molecules of H, by oxidizing to R-NO and R-NO,. Subse-
quently, NO,~ interacts with NH," (hydrolyzed from the amino
acid) to generate N, and H,O, with the concurrent formation of
alcohols from the amino acid. Meanwhile, NaHCO; hydroge-
nation occurs on the catalyst surface, where *H is adsorbed on
the Pd site and HCO;™ is adsorbed on the support y-Al,O3,
leading to the reduction of NaHCO; to formate.>

The reduction efficiency of aromatic ring-containing lignin
has also garnered attention. Andérez-Fernandez®* investigated
the efficacy of CO, reduction using various lignin model
compounds. Under the conditions of 300 °C for 180 minutes,
phenol yielded only 2% formic acid yield. In contrast, higher
formic acid yields were observed with resorcinol and catechol
solutions (19% and 9%, respectively). The highest yield of 51%
was achieved with a vanillin solution, followed by a 24% yield

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with guaiacol. These results suggest that aromatic compounds
possessing ortho or para hydroxyl groups exhibit greater CO,
reduction activity. Oxidation by-products from lignin deriva-
tives suggest that the reaction may proceed via a ring-opening
mechanism. Vanillin is hypothesized to undergo Cannizzaro
disproportionation to vanillic acid and vanillic alcohol, with the
latter being involved in CO, reduction. Aromatic compounds in
high-temperature water may be oxidized to quinone groups,
which are prone to ring opening. The proposed CO, reduction
mechanism involves oxidation through a cyclic transition state,
wherein the hydrogen atom to be transferred is located on the
hydroxyl group.

Apart from biomass, recent advancements have highlighted
the potential of biomass polymer waste for CO, reduction.
Specifically, a study®® demonstrated that when 5.0 g per L
sugarcane bagasse solution reacted with 42.0 g per L NaHCO; at
250 °C for 3 h, a maximum formate yield of 10% was achieved.
Experiments using various bases, including NaOH and phos-
phate buffer, indicated that alkaline conditions favor biomass
waste oxidation to acids while impeding the conversion of CO,,
dissolved as bicarbonates/carbonates. The addition of NaHCO;
serves not only as a secondary carbon source, converted to
formate, but also as an oxidant, thereby enhancing the
conversion of biomass wastes into organic acids.

4.4 Hydrothermal reduction of CO, by polymer wastes

Plastics have revolutionized modern life due to their low cost
and utility in a wide range of applications. Regrettably, the
accumulation of artificial polymers in landfills and environ-
ment has led to a global pollution crisis,” which in turn has
accelerated research on the conversion of plastic waste into
value-added chemical products.’***** Recently, Ma et al. devel-
oped a process for the co-utilization of waste plastics and CO,.
They designed a triple-reaction coupling involving CO, hydro-
genation, methanolysis of polyethylene terephthalate (PET),
and hydrogenation of dimethyl terephthalate (DMT), effectively
degrading PET and utilizing CO,. As shown in Fig. 13a, CO, as
a solvent precursor overcomes the thermodynamic limits of the
reactions. CO, is hydrogenated to methanol, which then
decomposes PET into DMT and ethylene glycol (EG). Subse-
quently, DMT is hydrogenated into higher-value chemicals such
as dimethyl 1,4-cyclohexanedicarboxylate (DMCD) and para-
xylene (PX). This coupled reaction significantly improves the
yield of CO, hydrogenation or PET methanolysis by 2 to 7 times
compared to uncoupled reactions. In addition, with tandem
catalysis, a promotion of the synergistic coupling of CO,
hydrogenation and PET methanolysis was achieved to produce
valuable chemicals like cyclohexanedicarboxylate over Cu,Fe;-
Cr, catalyst.'®

Under hydrothermal conditions, a one-pot, two-step catalytic
method using commercial Pd/C catalysts enabled the conver-
sion of polyesters like polyglycolic acid (PGA), polyethylene
terephthalate (PET), and poly(butylene adipate-co-tere-
phthalate) (PBAT) with sodium carbonate into sodium formate,
without external hydrogen. As shown in Fig. 13b, at 250-270 °C,
polyesters undergo aqueous modification with Pd/C catalysts,
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dual-promoted reaction system.'°2 This figure has been reproduced
from ref. 102 with permission from Wiley-VCH GmbH, copyright 2022.
(b) Plastic and CO, in one pot, two-step catalytic conversion
process.**®* This figure has been reproduced from ref. 103 with
permission from American Chemical Society, copyright 2024. (c)
Proposed mechanism for the coupling reaction of CO, with PE over
composite catalyst.***

breaking down into smaller molecules. Subsequently, at 150 °C,
the hydrogen generated in the first step is used for the hydro-
genation of NaHCOj;. This technique effectively resolves the
contradictions in reaction temperature and pressure between
plastic reforming and NaHCO; hydrogenation, achieving a 79%
yield of HCOONa.'” Additionally, CO, facilitates the conversion
of polyethylene (PE) into aromatics, achieving synergistic
resource utilization, as shown in Fig. 13c. Utilizing Cu-Fe;0,
and Zn/ZSM-5 tandem catalysts at temperatures below 400 °C,
an efficient conversion with 64.0% aromatic selectivity was
achieved. This process not only exceeds the 50% theoretical
limit of aromatic selectivity in PE aromatization but also,
through '3C isotope studies, confirms CO,'s role in the reverse
water-gas shift (RWGS) process. CO,, acting as a hydrogen
scavenger and converting to CO, significantly reduces hydrogen
transfer reactions in olefinic intermediates, decreasing the
fraction of light alkanes and enhancing the formation of
aromatic compounds. Notably, CO, does not participate in
extending the carbon chain of aromatic compounds.***
Furthermore, the synergistic transformation of PVC plastics
and CO, was achieved even without the use of any external
metal-based catalysts. ">*C-NMR analysis was performed on the
liquid sample derived from the reaction of NaH'*CO; and PVC.
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As depicted in Fig. 14a, the labeling experiment using
NaH"CO; revealed a strong signal attributed to H*COO™ at
a chemical shift of 171.1 ppm in the ">C-NMR spectrum, con-
firming that formate originated from NaHCO;.'” Research on
reaction characteristics indicated that higher temperatures
(over 300 °C) and longer times (more than 8 hours) can lead to
formate decomposition, and higher NaHCO; concentrations
(more than 4 mmol) can cause an insufficient amount of PVC as
the reductant. Under conditions of 125 mg PVC, 300 °C, 8 hours,
1 mmol NaHCO;, and 2 mmol NaOH, approximately 16%
formate yield was achieved.

FT-IR analysis was also utilized to investigate the reduction
of bicarbonate to formate using PVC under various reaction
conditions. In Fig. 14b, absorption signals of C=C and -OH
stretching vibrations were observed at 1621 em " and 3200-
3700 cm ', respectively, while the absorption peak of the C-Cl
stretching vibration disappeared following the reaction between
PVC and NaOH. Collectively, these results indicate that the OH™
in water attacks the B-H and a-C of PVC, resulting in the
formation of C=C, C=C-H, and CH-OH groups. Conversely,
after the reaction of PVC with NaHCO; and NaOH, in contrast to
the reaction of PVC with NaOH alone, the absorption peak of
the C=0 stretching vibration (1701 cm ') appeared, and the
peak of the -OH stretching vibration decreased significantly
with the addition of NaHCOj;, implying the formation of the
CH-OH group through an SN, mechanism and its further
conversion to C=0 in the presence of NaHCOj;. Overall, the
proposed reaction mechanism of NaHCO; for the hydrothermal
reduction of NaHCO; to formate with PVC is depicted in
Fig. 14c. Initially, dichlorination of PVC occurs under hydro-
thermal conditions, forming intermediate A by the elimination
of OH attacking on the B-H and the substitution of OH™
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Fig. 14 (a) ®*C-NMR spectra of liquid samples for the reactions of PVC
with NaHCO3 or NaH*COs, (b) FT-IR spectra of PVC before and after
the reaction under different conditions ((b-a) pure PVC, (b-b) solid
product for the reaction of PVC + NaOH, (b-c) solid product for the
reaction of PVC + NaOH + NaHCOs), (c) proposed mechanism of
HCOs3™ reduction to formate using PVC under hydrothermal condi-
tions.*®® This figure has been reproduced from ref. 105 with permission
from The Royal Society of Chemistry, copyright 2020.
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attacking on the a-C; then, the in situ formed CH-OH is oxidized
to C=0 by HCO; ", while HCO;" is reduced to formate.

Additionally, hydrothermal CO, reduction using ethylene
propylene diene monomer (EPDM) as a model compound for
sulfur-containing rubber was conducted. The results showed
that formic acid was the main product, and carboxylic acids
with 2-4 carbon atoms were also formed.** It should be noted
that a higher temperature of 400 °C was required, and, upon
increasing the temperature to 450 °C, Cs-Ce products were
detected, during which a 20% CO, reduction efficiency was
achieved. From the cracking of EPDM, straight-chain n-alkanes
with more than nine carbon atoms were formed.

5 Roles of water in hydrothermal CO,
reduction

The general feasibility of reductants for CO, reduction under
hydrothermal conditions, ranging from metals to biomass and
even plastics, indicates the unique property of HTHP water in
invoking the reductive power. The commonly recognized
advantages of HTHP water include: (1) the excellent solubility of
organics and gases; (2) the increase in the concentration of H'/
OH" ions which facilitates acid/base-catalyzed reactions; (3) the
significantly reduced diffusion rate of supercritical water to
nearly 1/100 that of liquid water; and (4) the weak interaction of
hydrogen bonds among water molecules, which reduces mass
transfer resistance at the interface, leading to efficient heat
transfer, rapid mass diffusion, and an enhanced reaction rate.
However, the mechanistic study of CO, hydrothermal reduc-
tion, particularly through in situ observations with FTIR,
suggests that, in addition to these advantages, a potentially
significant yet often overlooked homogeneous catalytic function
of HTHP water might exist.

In hydrothermal CO, reduction with methanol, the role of
water was investigated carefully.>® Wang et al. discovered that
water is crucial for the initial step of methanol activation, as no
H, and HCHO were detected in the reaction with only methanol
in the absence of water. Furthermore, the generation of H, from
methanol, both with and without H,0, was analyzed through
DFT calculations. As depicted in Fig. 15a-c, the added H,O
molecule functioned as a proton acceptor, forming a deformed
H;O-cation-like conformation with the transition state
hydrogen atom from the methanol molecule. This significantly
reduced the activation energy required for ionic water dissoci-
ation. Consequently, the energy barrier for H, formation from
methanol was lowered from 378 kJ mol ' without H,O to
220 kJ mol™* with H,O present (Fig. 15d). Additionally, an
isotopic tracing reaction with D,O substituting H,O was con-
ducted, with NaH"CO; as the carbon source to differentiate
formate from NaHCO; reduction. As illustrated in Fig. 15e and
f, a peak corresponding to D"*COO ™~ was distinctly observed in
the D-NMR spectrum, consisting of two parallel peaks. The **C-
NMR image revealed that the NaH'CO,~ derived formate
contained three parallel peaks attributed to the resonance effect
between >C and D. The COSY spectrum of the liquid sample
post-reaction between NaH">CO; and methanol in D,O is also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(g) COSY spectrum of the liquid sample after NaH*COs reaction with
methanol in D,O.** This figure has been reproduced from ref. 35 with
permission from The Royal Society of Chemistry, copyright 2021.

depicted in Fig. 15g. These findings confirmed that the formate
derived from NaHCO; reduction incorporated D from D,0, and
further analysis demonstrated that the final formate product
consisted of nearly equal amounts of H*COO~ and D**COO™.
Thus, the catalytic role of H,O in methanol activation is
substantiated and is in perfect alignment with the DFT
calculations.

When PVC was used as a reductant, the reduction of NaHCO;
to formate did not occur in the absence of water,'® and high-
temperature water is hypothesized to play a critical role in
this process. Initially, hydrogen bonds are presumed to form
among three molecules: dechlorinated PVC, H,0, and HCO; .
This interaction is believed to increase the reactivity of the O-H
bond in dechlorinated PVC and the C-O bond in HCO; .
Subsequently, the hydride ion from dechlorinated PVC is
postulated to attack the carbonyl carbon of HCO; ™, leading to
a cyclic transition state. Finally, upon hydrogen transfer,
formate and the C=O group are generated, and water mole-
cules are recovered.

Furthermore, in Yang et al.'s study on CO, reduction with
glucose, the OH-DRIFTS spectra of NaHCO; reduction with
glycolaldehyde, a model compound of carbohydrates, revealed
the presence of hydrated aldehyde groups in formaldehyde and
glycolaldehyde which helped NaHCO; reduction through
a hydrogen transfer mechanism, and a water molecule was
recovered after formate generation. This result directly proved
that water assists the hydrothermal reaction as a homogeneous
catalyst. Specifically, when a -CHO group becomes hydrated,
the reductive hydrogen attached to the central carbon becomes
more nucleophilic, enabling it to reduce electron-deficient
substances more easily."*

Consequently, when molecular water hydrates the -CHO
group to form -CH(OH),, the reductive hydrogen of the alde-
hyde group becomes sufficiently active to directly attack
NaHCO; molecules through hydrogen transfer. As shown in
Fig. 16, a six-member ring transition state is formed with
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HCO; ™, leading to the formation of a C-H bond between the
highly activated hydrogen and HCO;™ through nucleophilic
addition to a C=O0O bond. Thereafter, HCO;  is reduced to
orthoformate, which then releases H,O to form formate to
complete the catalytic cycle.

These results suggest that hydrothermal water can accelerate
the reaction either by forming a bridge inside a molecule or
between molecules or by hydrating reactants for higher activity.
Indeed, the promoting role of water in reactions has been
documented in several cases, such as by altering reaction
pathways through the blocking of active sites or by forming
intermediates or products with substrates via hydroxyl groups
from water, thus creating alternative reaction paths.'® The
summarized catalytic function of HTHP water here may further
expand the understanding of water's role in enhancing reac-
tions and extend the scope of hydrothermal chemistry.

6 The assessment of carbon emission
budget and efficiency of CO, reduction
with renewable reductants under
hydrothermal conditions

The summarized research demonstrated that multiple value-
added chemicals or fuels can be produced from CO, hydro-
thermal conversion, as depicted in Fig. 17a, indicating the
potential of applying the technology for large scale CO,
conversion. To advance CO, reduction in meeting the require-
ments of net carbon benefit and high efficiency, a comparison
of the summarized approaches from the reported methods of
catalytic hydrogenation and photo/electro-catalyzed CO,
reduction was performed. Fig. 17b demonstrates the efficien-
cies of various CO, catalytic methods for formic acid produc-
tion. Iron powder, used for the hydrothermal reduction of CO,
to formic acid, exhibits the highest efficiency. Additionally,
compared to photo/electro-catalysis and hydrogenation catal-
ysis, biomass and metal induced reduction of CO, not only offer
the advantage of high efficiency but also simplicity and cost-
effectiveness due to the absence of complex catalyst prepara-
tion. Fig. 17c displays the potential greenhouse gas (GHG)
emissions throughout the lifecycle of different CO, catalytic
methods. While photo/electro-catalysis aims for green and
sustainable development, its low efficiency, the need for catalyst
preparation, and the high energy demand of the entire system
do not confer an advantage in CO, emission reduction. In the
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hydrogenation catalysis process, the sources of CO, and H, and
the boundaries considered in the life cycle assessment (LCA)
significantly impact GHG emissions. For CO, reduction via
biomass and regenerable metals, the system's lower depen-
dency on electricity, the use of sodium hydroxide for effective
CO, absorption, and the use of biomass or solar energy as the
energy input contribute to its potential as a carbon-neutral
technology. Moreover, implementing low-carbon energy sour-
ces and waste heat recovery methods can significantly reduce
greenhouse gas emissions.

7 Challenges, prospects and
conclusions

As an indispensable part in dealing with the threat of GHG
emissions, CO, conversion into fuels or chemicals is considered
a revolutionary technology for thoroughly coping with the issue
and generating sustainable carbon sources without using the
conserved fossil sources on Earth. Still far from practical
implementation, CO, conversion approaches face formidable
challenges in terms of renewable reductive sources, easy
handling reaction systems, and readily accessible high

9942 | Chem. Sci, 2024, 15, 9927-9948

efficiency. Specifically, (1) catalytic CO, hydrogenation exhibits
the highest reaction efficiency, while the need for gaseous
hydrogen compromises the net carbon benefit since industrial
hydrogen production relies heavily on fossil fuels as the feed-
stock; moreover, the storage and transportation of high pres-
sure gas also require large amounts of energy input;'*” (2) solar
or electro induced CO, reduction could entirely or partly use
solar energy as the energy input which promises the high
prospect of achieving net carbon benefit; however, the efficiency
of solar reactions is relatively poor now, and the competitive
reaction of hydrogen evolution in electrochemical CO, reduc-
tion interferes with reaction selectivity; and (3) for solar-/electro-
CO, reduction, delicate prepared catalysts or electrodes are
inevitable, leading to difficulties in implementing the tech-
nology practically. Therefore, from the perspective of practical
applications, it is urgent to develop efficient strategies to use
renewable reductants and operable and scalable methods in
CO, conversion to achieve the dual goals of efficient and net
carbon benefit CO, reduction.

In this review, we comprehensively summarize the recent
achievements of hydrothermal CO, reduction with renewable
reductants, starting with the origin and advantages of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrothermal technology and the feasibility of certain metals,
biomass, and organic waste as renewable reductants for CO,
conversion. Moreover, we focus on the reaction characteristics
and mechanisms to discuss whether the summarized technol-
ogies can overcome the existing challenges of CO, conversion.
Specifically, we first classify the renewable reductants for effi-
cient CO, reduction, including the metals Zn®***%77%° and
Fe,*3>3* biomasses as carbohydrates, microalgae and lignin,
and organic solid waste as plastics. More importantly, the
intrinsic advantages of hydrothermal CO, reduction are repre-
sented, for example, the self-catalytic process of metal induced
CO, reduction, the high reducing capacity of an organic
hydrogen source catalyzed by the hydrothermal environment,
and the easily controlled reaction process by regulating the
hydrothermal reaction settings. Although significant progress
has been made in hydrothermal CO, reduction with renewable
reductants, particularly by comparing the hydrothermal tech-
nology with existing approaches, and the advantages of hydro-
thermal conversion are demonstrated to satisfy the dual goals of
high efficiency and net carbon benefit, the implementation of
this method is still in the early stages and full of challenges.
Thus, the following perspectives should be taken into consid-
eration in future research.

First, for metal-initiated CO, reduction, although high effi-
ciency can be achieved readily even without catalysts, the
limited products species should be noted. Currently, the
manufacture of C; products such as formic acid, methanol, and
methane is sufficiently ready, while for multi-carbon products,
such as hydrocarbons and multi-carbon acids, only certain
reaction settings can achieve the target. Thus, it is urgent to
screen and synthesize proper catalysts to break the bottleneck.
Indeed, primary studies have shown that Co® and Ni are two
feasible core metals for catalyzing carbon-carbon coupling in
CO, hydrothermal reduction, and they have been demonstrated
for hydrocarbon and acetic acid production. Moreover, due to
the rigid reductive environment of hydrothermal reduction, the
oxidation and consequent deactivation of Co or Ni based cata-
lysts are avoided, which are the primary problems affecting the
use of these two catalysts in other catalytic processes. However,
other products have been scarcely observed, calling for further
effort in exploiting more proper catalysts. Moreover, the
abovementioned catalysts functioned with the assistance of in
situ generated reductant oxides such as Fe;0,, while ZnO could
not help the catalytic process,*”” suggesting that the design of
proper catalysts should consider the reductant as well, that is,
the added catalysts and the reductant constitute a catalytic
system. The reductant oxide could be described as a catalyst
support, which could alter the core catalyst morphology as
a motif or accommodate the catalyst in the porous structure.
Thus, the coordination of the reductant oxide and the core
catalyst is important for the design of the catalytic system.

Second, when biomass or organic waste is used as the
reductant the reducing efficiency is limited compared to that of
metals since it is derived from reductive functional groups;
thus, how to increase the reducing efficiency of biomass or
organic waste is one obstacle to cope with. As summarized
above, the hydroxyl (-OH), aldehyde (-CHO), and amino (NH,-)
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groups are the main reductive groups of organic reductants.
With the assistance of the hydrothermal environment, the
reductive capacity of functional groups can be invoked suffi-
ciently, but the ultimate reducing performance also relies on
the chemical structure of the organic reductants. For instance,
for carbohydrates, the aldehyde group is the main reductive
source, but the exposure of the aldehyde group is difficult to
control. Taking glucose as an example, if dehydration or
isomerization of glucose happens, the aldehyde group will be
consumed or concealed in CO, reduction, which will severely
compromise the reduction efficiency. Thus, it is urgent to
design optimal reaction procedures or catalysts to conserve the
reductive functional groups. Yang et al'’ used a two-step
reaction strategy to enhance glycolaldehyde production from
glucose, as it is a two-carbon aldose that thoroughly cuts off the
possibility of dehydration or isomerization reaction, and,
therefore, almost two-fold reduction efficiency was achieved
compared to the one-step reaction. For biomass using amino
groups as the reductive force, such as in microalgae, the dehy-
dration reaction of the amino group with a carboxylic group to
form amide is the main reaction consuming amino groups.
However, with proper modulation of the solution pH, the
dehydration reaction can be sufficiently avoided.** Waste plas-
tics such as PVC reduce CO, with hydroxyl groups.'** Although
this group can be preserved well under hydrothermal condi-
tions, its reducing capacity is relatively poor compared to those
of other functional groups such as aldehyde or amino. Thus,
delicately prepared catalysts such as Cu based catalysts are
needed to enhance the reducing efficiency.® Consequently, to
fully utilize the reductive power of functional groups in organic
reductants, the general reaction mechanisms should be illus-
trated clearly with acknowledgment of the possible side reac-
tions that might compromise the functional groups, and
optimal reaction procedures, parameters or catalysts must be
designed accordingly.

Third, for long-term development, natural biomass is better
for use when biomass serves as the reductant. However, natural
biomass is very complicated, with not only varied species, but
also various chemical compositions (such as carbohydrates,
proteins, lipids, lignin, etc.). The synergetic effects of these
chemical compositions will inevitably affect both the selectivity
and the efficiency of CO, hydrothermal reduction. Thus, it is
necessary to study whether and how the different chemical
compositions of biomass will influence CO, reduction. Taking
the reaction of microalgae with CO, as an example, protein was
found to be the main reductant, while carbohydrate and lipid
reduced less CO,. In the meantime, reactions between protein
and carbohydrate were observed, like the Maillard reaction.
However, the reaction between protein and carbohydrate is
highly dependent on the solution pH, suggesting it can be partly
avoided by proper alkalinity adjustment. On the other hand, it
should be noted that the direct use of natural biomass for CO,
reduction is difficult for achieving high selectivity or efficiency
as the compositions of biomass are too complicated. With
sufficient acknowledgement of the reaction characteristics of
different reductants, certain approaches can be suggested to
achieve the target with the basic principle that it is important to
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produce active intermediates in the first step and then achieve
CO, reduction in the second step. Specifically, when carbohy-
drate is used, cutting the carbon chain to smaller aldoses is one
feasible solution to ensure the reducing capacity, which can be
accomplished by acid catalyzed pretreatment or the physical
process of ball milling. When protein abundant biomass is
used, such as microalgae, the hydrolysis of microalgae in the
first step is important. After eliminating the products of the
Maillard reaction, much higher CO, reduction efficiency can be
expected with the remaining amino acids. For lignin, it is found
that the reactivity is hardly influenced by other chemical
compositions, while its degradation pathway is important for
the CO, reduction and can be modulated by proper catalysts
such as Pd or Ru based catalysts.

Fourth, although great progress has been made in the
development of hydrothermal CO, with renewable reductants,
the above analysis suggests that improving the reduction effi-
ciency or producing the target product are still great challenges.
Therefore, in-depth understanding of the mechanism of
competitive reactions in the hydrothermal environment is
desperately needed. The high temperature and high-pressure
reaction environment in a sealed reaction box makes it diffi-
cult to detect the reaction mechanism. The continuous and
rapid development of DFT calculations combined with in situ
characterization techniques, such as in situ synchrotron radia-
tion spectroscopy, NMR, Raman and FTIR spectroscopy and
chromatography, will undoubtedly accelerate the progress of
understanding the reaction mechanism. On one hand, DFT
calculations can be used to deeply reveal the transformative
behaviors of the reductants under hydrothermal conditions,
which will help to understand the possible catalytic function of
hydrothermal water and provide guidance for the design of
highly selective catalysts or reaction parameters. On the other
hand, advanced operando characterization techniques can
provide real-time analysis of key intermediates during the
reaction, which is conducive to deducing the rate-determining
step of the reaction and optimizing the reaction by designing
rational procedures such as multi-step reactions. Therefore, the
combination of theoretical calculations and advanced in situ
characterization techniques will help to understand hydro-
thermal reactions basically and profoundly and thus assist in
achieving industrial-level CO, hydrothermal reduction with
renewable reductants.

Fifth, to meet the requirement of practically implementing
CO, conversion approaches, the advantages of the summarized
methods of hydrothermal CO, reduction with renewable
reductants include the operable nature of hydrothermal reac-
tions, the storage and transportation convenience of metals or
biomass, and the direct use of bicarbonate, the alkaline product
after CO, capture, as the carbon source. However, the main
conundrum to consider is the high temperature and high
pressure of hydrothermal reactions. For industrial applications,
temperatures around 200 °C can be provided readily, while
higher temperatures approaching 300 °C could cause safety
issues. Thus, decreasing the temperature of hydrothermal CO,
reduction to around 200 °C is a necessary consideration. In this
aspect, Wang et al.*® achieved CO, reduction with methanol at
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180 °C with Pd-Cu catalysts, and Ni and Cu were found to
decrease the reduction temperature of CO, with Fe or Zn as the
reductant to around 200 °C. More recently, we found that with
Co-Pd catalysts, glucose could reduce CO, at around 200 °C as
well. These results indicate that, with rationally designed cata-
lysts, the reaction temperature can be reduced sufficiently. By
investigating the catalytic mechanism in the above research, the
basic thought in designing the target catalyst is to enhance the
hydrogenation of CO,. Thus, normally noble metals such as Pd,
Pt, and Ru can be considered as incorporated components in
catalysts, and, with the proper added components, the catalytic
effect of the core element can be further enhanced. Indeed, our
previous research concerning biomass conversion under
hydrothermal conditions has inspired a facility for processing
organic waste at ca. 200 °C with the capacity of 100 kg per day.
Thus, a lower reaction temperature approaching 200 °C indi-
cates the possibility of applying the technology practically.

Sixth, for industrial applications, the energy consumption
and economic benefit of the process should be considered. For
hydrothermal reactions, it is generally acknowledged that water
must be heated for the reaction and thus the energy
consumption is abundant. As a matter of fact, according to the
thermodynamic study of the above summarized research, CO,
hydrothermal reduction with renewable reductants is always an
exothermic process, since the reductants are oxidized as energy
donors, which indicates that if the heat preservation of reactors
is supplied, once the reaction is started, no more energy is
required. More intriguingly, when metals are used as the
reductants, the exuded heat of metal oxidation is so large that
extra energy might be recovered if the reactors are designed
properly. For the financial budget of hydrothermal technology,
since special facilities are required for hydrothermal reactions,
the expense of the technology is postulated to be large.
However, when the oxidation of reductants such as biomass
into chemicals or fuels is considered for calculating the
economic benefit, the vision might be different. Taking Fe as
the reductant for CO, conversion as an example, when its
recovery is achieved with glycerol reducing Fe;0,, it is deter-
mined that the economic benefit of one cycle can reach $2.2 for
1 mol CO,, indicating vast potential in achieving economic
benefit from CO, hydrothermal reduction. When hydrothermal
technology is applied in practice, the up-front investment might
be large, but for the long term, the financial benefit is relatively
promising due to its fast reaction speed and the feasibility in
processing different substrates, as is the case in our facilities for
processing organic waste.

Seventh, the most acknowledgeable application of hydro-
thermal technology is its use in reforming biomass for
hydrogen production under supercritical hydrothermal condi-
tions, and recently aqueous phase reforming of biomass under
subcritical conditions has been developed, which suggests that
hydrogen can first be produced from biomass hydrothermal
treatment, and then CO, can be hydrogenated in the second
step through the process of catalytic hydrogenation. This
consideration also aligns with the practical plant built by Li
et al.,"*>**® where they first use solar energy to achieve electrol-
ysis of water, and then CO, is reduced through a thermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalytic process. This way, the practical obstacles in harnessing
direct CO, solar-/electro-reduction can be avoided, and the need
for green hydrogen in CO, hydrogenation can be achieved.
However, when fully considering CO, hydrothermal reduction,
we assume that direct CO, hydrothermal conversion with
reductants in a one-pot reaction is superior, with the following
advantages: (1) from the macroscopic view, when CO, and
reductants are present in the same reaction environment, the
reductive power and energy held in the reductant can be
exploited directly for CO, reduction without the need for mass
or energy transfer, which can naturally lead to less efficiency
lost, and (2) from the mechanistic view, CO, hydrothermal
reduction rarely follows the pathway of first hydrogen genera-
tion and consequent CO, hydrogenation. In contrast, it is
reduced directly with in situ hydrogen from either the hydrogen
spillover from the catalyst surface (as in the case with metals as
the reductants) or direct hydrogen transfer from the reductant
(as in the case with organic reductants), which have proved to be
far more efficient than CO, hydrogenation. Thus, owing to the
improvement in mass and energy transfer under hydrothermal
conditions, one-pot CO, hydrothermal reduction is postulated
to be more efficient.

In summary, although progress is still needed in CO,
hydrothermal reduction, such as in the broadness of product
species, given the improvement in reducing efficiency and
stable rational hydrothermal catalysts, the proposed strategy
holds promising potential for industrial application due to the
native advantages of hydrothermal reactions and the sustain-
ability of the reductants. It is believed that in the foreseeable
future, efficient and net carbon benefit CO, hydrothermal
reduction will make a great breakthrough through systematic
mechanistic research and continuous optimization of catalysts
and reaction procedures and parameters. Once the concept of
hydrothermal CO, reduction with renewable reductants can be
applied in large-scale industrial application, the global warming
and energy crises will be greatly alleviated, and a low-carbon
economy can be envisioned.
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