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Heterojunction catalysts for CO,—HCOOX
interconversion cycles

Yu-Shuai Xu, 2 Dong Xu, (2 Jie-Sheng Chen and Xin-Hao Li{2*

Conversion of CO, to formic acid and/or formates (HCOOX) is a promising way to reduce carbon
emissions. At the same time, HCOOX, as an excellent hydrogen storage material, can realize the safe
storage and transportation of hydrogen energy. Therefore, the design of efficient catalysts for the closed-
loop interconversion of CO, and HCOOX is an important way to achieve dynamic carbon and energy
cycling. A heterojunction catalyst as a kind of typical heterogeneous catalyst has the characteristics of
convenient interface adjustment, a stable structure, and easy separation, which is preferred for practical
uses. Intensive progress has been made in the exploration of heterojunction-based catalysts for CO,
hydrogenation and HCOOX decomposition reactions. This review comprehensively summarizes the recent
advances in heterojunction-type catalysts for CO,—HCOOH interconversion under different driving forces,
focusing on the design of electronic effects at the interface of heterojunction catalysts, as well as the role

rsc.li/frontiers-materials

1. Introduction

Annually increased CO, emission requires more sustainable
techniques to capture CO, for not only permanent storage but
also efficient transformation into valuable products.'™ As a
cheap and harmless C1 resource, carbon dioxide could be
selectively converted into feedstock chemicals and fuels, effec-
tively reducing the dependence on petrochemicals.*”® Although
CO, has already been used as a chemical feedstock in the
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of heterojunction catalysts in different catalytic systems.

industrial conversion of some organic compounds, the amount
of CO, used chemically accounts for only 1% of global CO,.°

As a result, the scientific and industrial community has
launched intense research activity to the exploration of more
powerful paths for large-scale and/or green-energy-driven con-
version of CO, into useful chemicals.'®*? In recent years, the
catalytic hydrogenation of CO, to produce a variety of value-
added fuels or chemicals, including methanol, ethanol, formic
acid, etc., has been widely reported.'*® However, considering
the huge gap between the amounts of CO, emissions and actual
use,"'® the potential technologies for large-scale transfer of CO,
to value-added chemicals are highly required.
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Several chemicals were prepared directly from the hydro-
genation of carbon dioxide, including methanol, and carbon
monoxide, already with relatively high consumption needs in
practical use as direct fuels.’** There is still huge room to
further explore the potential of other products for real use.
Among these products, formic acid (FA) is the one that has
been proven to be converted from CO, in different energy-
driven systems under mild conditions in favor of the practical
application.>®® FA, as one of the basic organic chemical raw
materials, has been widely used in textiles, leather, dyes,
medicine, and other fields,”””*® and even plays an important
role in fuel cell technology,**° of which the yield is still not
satisfied the real consumption.**

As an ideal hydrogen energy carrier with a high hydrogen
storage capacity (53 g L™ "),*® FA is easily decomposed to release
H, on rationally designed catalysts under mild conditions
(<100 °C, ambient pressure).**> Through the suitable cou-
pling of HCOOX (X = H, Na, K, NH,, etc.) synthesis and
dehydrogenation reactions, a sustainable carbon-neutral hydro-
gen cycle is established for the safe and convenient storage and
36:37 which is the key problem in the
utilization of hydrogen energy compared to traditional high-

transportation of hydrogen,

pressure gas storage methods. Therefore, the interconversion
based on CO, and formic acid/formate is a potential way to
realize the mass production of HCOOX from CO, reduction for
reversible hydrogen storage.

To meet the need for cheaper and safer hydrogen storage
techniques and reduction of CO, emission, the reaction of
the interconversion should be extended to an applicable
level. Several recent reviews have provided a comprehensive
introduction to the application of different types of catalysts,
including homogeneous catalysts, single-atom catalysts, and
supported catalysts, in the hydrogenation of CO, or the decom-
position of HCOOX.**"** However, there is a lack of a systematic
discussion on the role and application of the rectifying inter-
face effect in the heterogeneous catalysts for the CO,~HCOOX
interconversion processes, which is also a vital factor for the
catalytic performance. Heterojunction catalysts with highly
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Fig. 1 Schematic of the different contact interfaces of metal-semicon-
ductor heterojunctions (a) and semiconductor—semiconductor hetero-
junctions (b).

coupled rectifying interface structures and tuneable electron
density at the specific interface are widely used in different
system catalytic reactions.**™” This review summarizes the
recent advances in heterojunction catalysts for CO,~-HCOOX
interconversion under different catalytic systems, focusing on
the roles of rectifying effects at the interface of different
heterojunction catalysts in the reactions, and the potential of
developing heterojunction-based catalysts for the practical
applications.

2. Heterojunction-based catalysts for
the CO,—-HCOOX interconversion
cycles

Generally speaking, metal-semiconductor (M-S) heterojunc-
tion and semiconductor-semiconductor (S-S) heterojunction
are the two main kinds of heterojunctions with rectifying
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contacts for possible modulation in the interfacial electronic
structure and thus the catalytic activity for the interconversion
of CO, and HCOOX.**° According to the different types of
semiconductors, including n-type semiconductors and p-type
semiconductors, the M-S heterojunction can be further divided
into M-n type and M-p type heterojunctions (Fig. 1(a)).*>" The
electronic interface will form between the metal and semicon-
ductor, depending on the difference in work functions (¢) or
Fermi levels (Eg).”" The electrons will migrate from the part
with the relatively high Fermi level to the other part until the
Fermi levels on the two sides of the rectifying interface reach
equilibrium. For the metal and n-type semiconductor hetero-
junction, the Fermi level of the metal should be lower than that
of the n-type semiconductor, leading electrons to flow from the
semiconductor to the metal, with the conduction and valence
bands of the n-type semiconductor bending downward at the
interface.*®>” Similarly, the metal with a higher Fermi level and
a p-type semiconductor heterojunction generates the electrons
flowing from metal to semiconductor, with the conduction and
valence bands of the p-type semiconductor bending upward at
the contact interface.”*?

The S-S heterojunction can also be divided into n-n,
p-p,” and n-p heterojunctions,”® according to the type of
composed semiconductors.”® Similar to the M-S heterojunc-
tions, different S-S heterojunction types will lead to different
interfacial electronic structure distributions (Fig. 1(b)), because
of the discrepancy in the Fermi level of the two sides. The as-
formed rectifying interfaces provide infinite possibilities for the
subsequent interfacial electronic regulation of heterojunction
catalysts.**>?

The heterogeneous structure not only retains the inherent
catalytic activity of each component but also improves the
performance of the active sites through the interaction in the
contact interface."*>**” The interface synergy in the hetero-
junction is powerful and adjustable, providing a solution for
the catalysis of various reactions, including hydrogenation
reaction, C-C coupling reaction, nitrogen reduction reaction,
etc., which has been proven to play a key role in previous
studies.*®>*°"~%° The possible charge transfer between differ-
ent components in heterojunction structures may result in
interfacial polarization regulating the adsorption/desorption
of reactants and intermediates,*>>>°" leading to superior cata-
Iytic performance for the target products.”®* Taking a hydrogen
evolution reaction (HER) as an example, the enriched electron
density of Pt nanoparticles caused by the rectifying effect at the
highly coupled heterojunction interfaces between Pt metal and
Co/NC support boosts the adsorption of H and H, release,
leading to the outstanding performance with 6.9 mV vs. RHE at
10 mA ecm ™ in acid.’® Naturally, we can extend the application
of heterojunction catalysts with specific active sites to CO,—
HCOOX interconversion driven by different forces, to achieve
the goal of reducing CO, emissions and safe hydrogen use
(Fig. 2). Through the suitable construction of heterojunction
catalyst systems, hydrogen can be transferred into the liquid
state of HCOOX by the efficient hydrogenation of CO, for the
safe storage and transportation of hydrogen. Later, the

46,50,54
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Fig. 2 Carbon-neutral HCOOX-based hydrogen cycle system on hetero-
junction catalysts.

hydrogen could be released by the dehydrogenation of HCOOX
for the practical hydrogen energy use scenario.

3. The reaction pathways of CO,—
HCOOX interconversion cycles

In the CO,-HCOOX loop interconversion, hydrogen could be
safely stored by the hydrogenation of CO,, and the liquid
hydrogen carrier can release H, through the decomposition
of HCOOX. It is necessary to understand the pathway of CO,-
HCOOX interconversion for the reasonable design of corres-
ponding catalysts.

3.1 Hydrogenation of CO, to HCOOX

In different CO, hydrogenation systems, hydrogenation of CO,
to HCOOX is considered to be the most atomically economical.
However, CO, is a thermodynamically stable molecule with
inherently low reactivity,”>*> leading to a challenge in the
hydrogenation of CO, to HCOOX.

The hydrogenation reaction of gas phase CO, to HCOOH is
thermodynamically unfavorable with AG, = 32 kJ mol ', as
shown in Table 1.>® The hydrogenation of CO, to HCOOH
will be a thermodynamically favorable reaction with AG, =
—4 kJ mol™" in the liquid system (Table 1).>*®® However, due
to the different additives in the real reaction, the substrate of
the hydrogenation reaction is not actual CO, but rather
includes carbonate, bicarbonate, carbamate, or CO,-tertiary
amine adduct.'®?**%*%® The hydrogenation of HCO; to form
formate in the base additive system has a AG, = 0 k] mol ™, with
a thermodynamic advantage compared to the gas phase CO,.%”
According to the reaction substrates in the hydrogenation
reaction, there are two widely accepted reaction pathways,
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Table 1 Reaction Gibbs energy for the reduction of CO,/HCO3~ to
formate/formic acid

Reaction AG, (k] mol™)
HCO,™ + H, — HCO,™ + H,0 0
CO,(g) + Hy(g) » HCOOH 32
CO,(aq) + Hy(aq) - HCOOH -4

including CO, and bicarbonate reduction pathways.**®® In the
typical thermocatalytic hydrogenation process, it is widely
accepted that H, adsorbs on the active sites and hetero-
dissociates into hydride and proton.®® The hydride further
nucleophilically attacks the carbon of the adsorbed CO, or
HCO;™ to form the target formate.

In the electroreduction of CO, to HCOOX, the reaction
pathway on the tin-based catalyst is widely recognized.”® Dur-
ing the reduction process, H,, CO, and HCOOX are all possible
products, with the corresponding intermediates of *H, *COOH,
and *OOCH, respectively.”’”* The key to enhancing the selec-
tivity of HCOOX lies in promoting the production of the specific
*OOCH intermediate while inhibiting the formation of *COOH,
which generates byproducts such as CO.”>”7>

3.2 Decomposition of HCOOX

There are two widely accepted pathways for the decomposition
of HCOOH, including the dehydrogenation (Table 2) and the
dehydration (Table 2) of HCOOH, which depend on the used
catalysts and reaction conditions.”® The dehydrogenation of
HCOOH with a AG, = —48.4 k] mol " to release hydrogen is the
desired reaction.”” While the dehydration of HCOOH with a
AG, = —28.54 k] mol ' is the not expected side reaction,
producing CO that is toxic to the active sites.”®’® Except for
the two pathways from HCOOH, HCO, could also be trans-
ferred to HCO;~ by hydrogen evolution, with a nearly AG, =
0 kJ mol™*,*” which has no other gas evolution (Table 2).

According to recent research, three pathways of the HCOOX
decomposition are generally accepted, including the formate
way, the indirect way, and the carboxyl way.”®*° The electro-
oxidation of HCOOX can also be divided into three pathways,
the formate way, indirect way, and direct way.””®* In the
formate way, there are generally considered to be two adsorp-
tion configurations, namely bidentate formate (*HCOOjg) and
monodentate formate (*HCOO,,)."”*> The monodentate for-
mate (*HCOOy,) is generally accepted as the active intermediate
for the cleavage of C-H bonds."*** The selectivity and activity
for the decomposition and electrooxidation of HCOOX on the
catalysts mainly depend on the adsorption intermediates in the
reaction pathway.

Table 2 Reaction Gibbs energy for the decomposition of formate/formic
acid

Reaction AG, (k] mol™)
HCO,  + H,O —» HCO; + H, 0
HCOOH — CO,(g) + Hy(g) —48.4

HCOOH — CO(g) + H,0 —28.54
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4. Heterojunction catalysts for CO,—
HCOOX interconversion cycles

The HCOOX-based hydrogen storage and release performed in the
thermal catalytic systems have the potential to achieve the prac-
tical use of hydrogen.®**>
heterogeneous catalysts are easy to separate and reuse but limited
in their activity.*®** Much effort has been contributed to develop
efficient heterogeneous catalysts for the superior performance of
the CO,~HCOOX interconversion reaction.**®” A typical Pd/AC
catalyst is used for the hydrogenation of CO, to formate, making
1 kg of H, storage with saturated ammonium bicarbonate in
55 bar at 293 K within 2 h (Fig. 3).%% The Pd/AC catalyst can also be
used in the dehydrogenation of HCOOX to release H, in the 10 M
ammonium formate, producing 1 kg H, at 393 K in 40 min
(Fig. 3), with the potential to replace the traditional hydrogenation
way at the hydrogenation station.®® Appropriate construction of
the heterojunction catalyst can improve the activity and selectivity
of the CO,~HCOOX interconversion reaction.®®#%%

Besides the homogeneous catalyst,*® the

4.1 Heterojunction catalysts for the reduction of CO,/HCO;™
to HCOOX

The reduction of CO, or carbonate to formic acid and formate
in thermal catalysis systems is an important way to use
C0,.>”°! The central challenge of the reaction is devising a
suitable catalyst to reduce the activation energy and change
the kinetic process, given the chemical stability of CO,.>*°
Compared to the homogeneous catalysts which are hard to
separate, heterogeneous catalysts are more in line with the
principle of green chemistry and have greater economic advan-
tages for practical application, because of their easy recovery
and reuse.*> Noble metals are widely used in hydrogenation
reactions, and different methods have been applied to promote
the activity and stability of noble metals, improving the utiliza-
tion of noble metals.***"%%3%* The construction of hetero-
structures based on noble metals is an effective path to change
the surface electronic structure of the noble metals and then

:mES Bza': Time: 40 min
Cat.: PAIAC Cat.: PdIAC
T:203K T:303K
pPF 0N
] Jz)
?,(,K -1
/
i |
Sl Q0
N 9 K ®
~ °
HCO, HEOO

Fig. 3 The schematic of the cyclic HCO;~ and HCOO™ storage and
release of 1 kg H, on a typical Pd/AC catalyst.
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promote the activity and the stability of the active sites. In
addition, the catalytic performance of non-noble metals can
also be enhanced by directly constructing a heterostructure.

4.1.1 Noble metal heterojunction for the reduction of CO,/
HCO;™ to HCOOX. So far, heterogeneous catalysts containing
noble metal (Au, Pd, Pt, etc.) nanoparticles or clusters have been
extensively studied in the reduction of bicarbonate and carbon
dioxide to formic acid/formic acid.**°*>***> Among these noble
metals, metal Pd with excellent H, adsorption capacity shows
excellent hydrogenation activity compared with other transition
metals, especially in the CO,/HCO;~ hydrogenation reaction.>”**

A variety of optimization methods including defects,
alloys, doping, and other means were applied to further pro-
mote the performance activity of Pd-based catalysts.”*"* The
Pd-supported catalyst is a common type, while a suitable
semiconductor not only has a support function but also forms
a heterojunction structure with metals to change the electronic
structure of the metal interface by interfacial electron
rectifying.”® Thus, the electronic structure at the interface of
the active site plays a crucial role in the reaction process.

The key to the Pd-based heterojunction structure is the
selection of supports. The catalytic performance of Pd sup-
ported on different supports (BaSO,4, Al,O3, and carbon) was
investigated, and according to the research results, the Pd/C
catalyst showed the best activity with a TOF value of 25 h™*.%”
The carbon-based support was then highly used as the main
stream for the efficient construction of Pd-based supported
catalysts.*"*® The Pd/AC catalyst gave a satisfactory turnover
frequency (TOF) value of 527 h™" under 2.75 MPa and 293 K.*®
The reduced graphene oxide (rGo) was also applied to construct
a Pd-based supported catalyst that showed good -catalytic
hydrogenation performance from bicarbonates to formates.*

Moreover, the N-doped carbon as a support to avoid the
aggregation of metal nanocrystals could form the heterojunc-
tion to stabilize metal species and tune the electronic density of
the metal surface, further promoting the performance in hydro-
genation of CO, towards formate.”*"%°

The mesoporous graphitic carbon nitride (g-C3N,) is also the
typically functional support due to the specific band structure
favored for tuning the electronic state of a metal through the
interaction at the interface between the metal and support,
which has the potential for facilitating CO, activation and
hydrogenation.*>® A typical Pd/g-C5N, catalyst with the novel
mesoporous graphitic carbon nitride support shows highly
enhanced performance in the hydrogenation of CO, to formic
acid compared to the inert support and remarkable stability in
the catalytic process under neutral conditions.**

Besides the carbon-based support, the metal oxides (TiO,,
CeO,, ZnO, etc.) are also considered as potential support
candidates for the construction of heterojunctions with noble
metals, because of their tunable band structure and basic
sites.?”°%%2 Pd/znO and Pd/CeO, as the two common metal
oxide support catalysts show superior catalytic performance for
the reduction of CO, to formate.’® The modified electronic
structure of the Pd surface caused by the interaction at the
heterojunction interface and the suitable basic sites in the
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Fig. 4 Scheme of the reduction of CO, to HCOO™ over Pd/ZnO and Pd/
Ce0,.°° Reproduced with permission. Copyright 2019, Elsevier.

support boost the hydrogenation of CO, (Fig. 4), leading to
high catalytic activity.

Moreover, the potential practical application of heterojunc-
tions based on noble metals and suitable semiconductors is
hindered by the high cost of the noble metals.®*

4.1.2 Alloy heterojunctions for the reduction of CO,/
HCO;™ to HCOOX. Alloying is one of the most common strategies
to regulate the electronic properties of metal nanoparticles by the
electronegativity difference between metals.”>*'°" Furthermore,
the alloy can also realize the control of interface electrons through
the construction of a heterojunction to achieve efficient hydro-
genation of CO, and HCO; . The electronic properties of noble
metals play a crucial role in achieving high catalytic activity. An
alloy heterojunction strategy can thus promote the utilization of
noble metals.

A typical PdAg alloy supported on anatase TiO, is synthe-
sized for the hydrogenation of CO, to formic acid, giving an
outstanding reaction rate of HCOOH yield of 1429 h™'
(Fig. 5(a)) over the optimal sample with the Pd/Ag ratio of 5
at 40 °C.'°> The electron density of the Pd metal could be
efficiently tuned by the interaction of support and the addition
of Ag (Fig. 5(b)). The formation of alloys (PdAg) allows Ag to
modify the electron density of Pd and enhance the utilization
rate of Pd atoms, thus promoting the catalytic performance of
CO, hydrogenation. However excessive addition of Ag inhibits
the H-spillover effect on the active site of Pd metals and blocks
the hydrogenation process, resulting in the degradation of
catalyst performance. Therefore, the appropriate alloy ratio
and the joint adjustment of the support enable the Pd-Ag alloy
heterojunction material to achieve a high formic acid yield.
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e 5 3354
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Fig. 5 (a) The reaction rate of HCOOH production (™) calculated on
various catalysts at 40 °C based on the surface Pd. (b) Quasi-in situ XPS
spectra of Pd 3d for various Pd/TiO, and PdAg/TiO, samples. Reproduced
with permission.'%? Reproduced with permission. Copyright 2023, Amer-
ican Chemical Society.
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4.1.3 Non-noble metal heterojunction for the reduction of
CO,/HCO3;  to HCOOX. Pd-Based heterogeneous -catalysts
usually exhibit excellent activity in converting CO, and bicar-
bonate into formic acid. However, the high cost of noble metals
limits their further applications. The use of a non-noble metal
and support could decrease the cost of catalyst preparation and
separation after the reaction.*>°*'%3

An innovative dyadic heterojunction structure composed of
cheap MoC nanocrystals and nitrogen-doped carbon sheaths
(MoC@NC) was designed for efficient CO, hydrogenation to
formic acid (Fig. 6(c)), exhibiting a turnover frequency (TOF)
value of 0.15 molgy, molyec " h™" at 70 °C.'» The rectifying
contact between molybdenum carbide as a metallic phase and
nitrogen-doped carbon support with an open band gap can
significantly enhance the electron enrichment of molybdenum
carbide nanoparticles. The transfer charge at the rectifying
interface could be precisely adjusted by regulating the band
structure of nitrogen-doped carbon supports (Fig. 6(a) and (b)),
and the electron enrichment state at the interface of MoC can
be effectively controlled. The electron-rich MoC and electron-
deficient N-carbon support in the interface of MoC@Nj5¢C
could polarize the CO, molecule and largely promote the
preadsorption of CO, (Fig. 6(c)). More importantly, the specific
rectifying interface of the dyad can also improve the activation
of CO, to the key intermediate *HOCO, which dominates the
selectivity to target HCOOH production (Fig. 6(d)).

The heterojunction structure also controls the electronic
state of the interface metal through the interfacial electronic
transmission and regulates the valence state type and propor-
tion of the active site according to the reaction demand. The
formed Ni/TiO, heterojunction structure at the interface causes
the change of the electronic state at the Ni interface and the
electron flow to the support, making the ratio of Ni® and Ni**
within the appropriate range, thus realizing the cooperative
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Fig. 6 (a) The Hirshfeld charge transferred to the d-MoC cluster from N,C
supports. (b) The work functions (¢) measured by ultraviolet photoelectron
spectroscopy (UPS) of the samples. (c) The production of HCOOH over
various MoC@N,C catalysts at different temperatures. (d) The calculated
Gibbs free energy diagram for the reduction of *CO, to *HOCO at the
various MoC@N,C heterojunctions.!®> Reproduced with permission.
Copyright 2020, Elsevier.
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catalysis of Ni’® and Ni*", and promoting the catalytic perfor-
mance of the hydrogenation of carbonates to formic acid.®*
At the same time, the presence of the TiO, support also
enhances the stability of the chemical state of the metal in
the reaction process.

4.2 Heterojunction catalysts for the dehydrogenation of
HCOOX

Noble metal nanoparticles (Au, Pd, Pt, etc.) have been investi-
gated for the decomposition of formate with promising catalytic
activities under relatively mild conditions.*>”””%'%* However,
the unwanted dehydration reactions to produce CO often occur
on noble metal catalysts, reducing the catalytic activity and
selectivity.®” To overcome this problem, different methods have
been developed, including the optimization of size, shape,
electronic structure, alloy, and so on.*>’”'% Among these
methods, the construction of heterojunctions with metals and
suitable semiconductor supports is identified as an efficient
way to modify the electronic structure of the metal surface for
the high dehydrogenation of FA.'®'%” On the other hand, the
bimetallic nanoparticles with alloy structures are considered
more CO-tolerant for the dehydrogenation of formate.'®*
Therefore, alloying and heterostructures could be combined to
form alloy-type metal and support heterostructures to achieve
multi-component control for the promising performance of the
dehydrogenation of formate.

4.2.1 Noble metal heterojunction for the dehydrogenation
of HCOOX. The noble metal supported catalysts with suitable
cheap supports inhibit the agglomeration of metal nanocrystals
and construct efficient heterogeneous catalysts for practical
applications,”®® which is confirmed to have a significant effect
on the catalytic performance of the loaded metals. The typical
heterojunction structure of the metal and the support can form
the specific interface with the electron transfer between the two
parts, leading to the change in the interfacial electronic struc-
ture of the metal nanocrystals, which further improves the
catalytic activity and selectivity for the HCOOX dehydrogena-
tion. Different supports (oxides, carbon, g-C3Ny, etc.) are used
in the construction of noble metal-based heterojunctions to
enhance the catalytic performance of the metal.®*'941°

Common nitrogen-doped carbon (NCs) materials as sup-
ports and stabilizers provide uniformly dispersed Pd NPs and
strong electron effects, thus enhancing the catalytic perfor-
mance of HCOOX dehydrogenation.'®® A typical Pd nanoparti-
cles@g-C;N,/SiO, successfully synthesized by a sol-gel method
exhibits an extraordinary hydrogen production rate from for-
mic acid (Fig. 7(a)). The band structure of carbon nitride can be
simply tuned by changing the condensation temperature,
further controlling the electron density of the Pd metal at the
interface through the interface rectifying effect. With the gra-
dually enlarged band gap of CN/SiO,, the electronic density of
embedded Pd nanoparticles becomes more enriched. There is
also a positive correlation between Pd enrichment and catalytic
activity (Fig. 7(b)), confirming that the regulation of the elec-
tron density of the metal by a heterojunction improves the
reaction activity of formic acid decomposition.
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Fig. 7 (a) The scheme of the interface electron redistribution between Pd
and supports caused by the Mott—Schottky effect. (b) The turnover
frequency (TOF) values for the dehydrogenation of HCOOH of Pd@CN/
SiO,, catalysts.’°® Reproduced with permission. Copyright 2016, The Royal
Society of Chemistry.

The electronic effect between the semiconductor and the metal
has been confirmed that could improve the activity of the hetero-
junction catalysts. On this basis, the pore structure of the semi-
conductor can be further designed to achieve more exposed metal
active sites, promoting catalytic performance.’'%®

An N-doped porous carbon driven by the carbonization of
the typical metal-organic framework is used as an efficient
support for the construction of a PA@CN900K catalyst with Pd
nanoparticles.'® The as-designed Pd supported on the porous
N-doped carbon catalyst shows an outstanding performance of
the dehydrogenation of HCOOH with a turnover frequency
(TOF) value of 14400 h™" at 60 °C (Fig. 8(a) and (b)). Based
on the N-doped carbon as a stabilizer for the electron donor,
Pd*" can be stabilized on the support and further reduced into
ultrafine nanoparticles, which is beneficial for the reaction. The
interaction between the Pd nanoparticles and the N-doped
carbon leads to the change in the electronic state of the active
sites, facilitating the breakage of the C-H bonds in the formic
acid considered as the rate-determining step.

The construction of multiple heterostructures is also a path
that can be explored for the efficient dehydrogenation of HCOOX.
Pd-WO, nano-heterostructures anchored on a phosphate-
modified nitrogen-doped porous carbon cage (NPCC) driven by
the ZIF-8@ZIF-67 core-shell present an outstanding FA dehydro-
genation catalytic performance with 100% H, selectivity (Fig. 9).""”
Besides phosphate-modified NPCC as an electron donor trans-
ports electrons to the PA-WO, heterojunction through the strong
metal-support interaction (SMSI) effect. Additionally, the rectify-
ing contact promotes electron transfer from WO, supports to the
Pd metal, redistributing electrons at the Pd-WO, interface and
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Fig. 8 (a) The schematic for the fabrication of Pd@CN90OK used for
the dehydrogenation of HCOOH. (b) The gas evolution and turnover
frequency (TOF) values of the dehydrogenation of HCOOH over
Pd@CN90OK catalyst at different temperatures.}°® Reproduced with per-
mission. Copyright 2018, American Chemical Society.
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HCOOH.X” Reproduced with permission. Copyright 2022, Elsevier.

resulting in electron-rich Pd nanocrystals. The enhanced electron
density of Pd can further promote the formate adsorption perfor-
mance, resulting in better catalytic activity.

4.2.2 Alloy heterojunction for the dehydrogenation of
HCOOX. Meanwhile, optimizing the work function of the metal
components based on the alloying effect facilitates enhancing
rectifying contact to accelerate the electron transfer between
metal and semiconductor, thereby further improving the activ-
ity and utilization of the precious metal active site."**'%>1%°

A novel heterojunction catalyst AuPd/BNNFs-A composed of
boron nitride nanofibers (BNNFs) with amine groups and AuPd
alloy nanoparticles (Fig. 10(a)) is applied for the efficient
dehydrogenation of HCOOH, giving an outstanding turnover
frequency (TOF) value and low activation energy of 1181.1 h™*
and 20.1 k] mol " without any additives (Fig. 10(c)).*®® The high
distribution of the small-size AuPd alloy nanoparticles leads to
an abundant interface between alloy and support with charge
transfer, further modulating the electronic structure of Pd
confirmed by the experiment results (Fig. 10(b)). The alloy
structure also significantly influences the electronic structure
of Pd, benefiting the dehydrogenation of formic acid. On the
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Fig. 10 (a) The schematic of the synthesis process of AuPd/BNNFs-A. (b)
The X-ray photoelectron spectroscopy spectra of Pd 3d in three different
samples. (c) The corresponding turnover frequency (TOF) values over
various catalysts in an ambient atmosphere and at 298 K.1°° Reproduced
with permission. Copyright 2021, American Chemical Society.
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basis of the suitable alloy nanostructure, the special hetero-
junction interface of Au;Pd;/BNNFs-A, and the synergistic effect
of the support, the catalyst achieves excellent catalytic
performance.

4.3 Heterojunction catalysts for interconversion of CO,/
HCO; -HCOOX

Through the suitable construction of heterojunction catalysts,
efficient storage and release of H, can be achieved by the
superior hydrogenation of CO, to HCOOX and dehydrogena-
tion of HCOOX. The noble metal shows activity for both
reactions in the CO,-HCOOX interconversion cycle. A Ru-
based homogeneous catalyst is developed for the HCO,Na-
based reversible hydrogen cycle but it is limited by the reuse
and regeneration of the catalysts.>® While the heterojunction
catalysts based on the noble metal overcome the drawback and
also exhibit high performance.®®*'%°

A Pd nanoparticle supported on the graphitic carbon nitride
(Pd/mpg-C;N,) is confirmed to achieve HCOOX-based chemical
hydrogen storage, giving a high turnover frequency (TOF) value
of 144 h™" without any additive at room temperature in the
dehydrogenation of HCOOH and satisfactory performance for
the regeneration of HCOOH by hydrogenation of CO,."*° The
interaction between Pd nanoparticles and the mpg-C;N, inter-
face results in uniform nanoparticle size and further improves
the performance of the CO,~-HCOOX interconversion.

A visible HCOOX-based hydrogen storage system is constructed
over the novel Pd nanoparticles dispersed on the nitrogen-doped
mesoporous carbon (Pd/NMC) catalyst (Fig. 11)."* The electron-
enriched Pd nanoparticles are formed by the rectifying contact in
the interface between Pd and nitrogen-doped mesoporous carbon,
which have been confirmed to be the key to promoting the
bicarbonate/formate interconversion cycle.

The high-performance heterojunction catalyst in CO,—
HCOOX interconversion cycles has the potential to achieve a
reversible hydrogen cycle for practical use in the industry,
which could replace high-pressure hydrogen storage.

5. Heterojunction catalysts for
electrocatalytic CO,—-HCOOX
interconversion cycles

Electrocatalytic reduction of CO, to liquid chemicals is an
interesting way for CO, fixation through the storage of electri-
city and hydrogen.**''?> HCOOX, as the simplest 2e~ liquid
product in the electrocatalytic carbon dioxide reduction reac-
tion (ECO,RR), is a promising product to make a profit, which
has not only high energy and hydrogen density but also wide
applications in different yields.”*'"® As an ideal energy and
hydrogen carrier, HCOOX can be directly utilized in the direct
formic acid fuel cells through the formate electro-oxidation
reactions (FAOR)' or used for dehydrogenation to release
hydrogen. But the latter way in an electrocatalytic system is
rarely investigated, because the electrolysis of water is the main
means of electrochemical hydrogen production. Therefore,
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Fig. 11 The schematic of the HCOO™-HCO3™ interconversion reaction
process over Pd/NMC.1°° Reproduced with permission. Copyright 2016,
Wiley VCH.

coupling ECO,RR to formate and FAOR is considered as one of
the potential pathways to achieve dynamic energy and hydrogen
storage and conversion in the context of carbon neutrality.""* To
achieve the goal in the practical application scenario, an efficient
and stable catalyst is a vital part. Heterojunction catalysts are
widely used for the two reactions, because of the tunable
electronic state of the active site by the interaction interface,
which promotes the adsorption of the key intermediates and
further improves the activity and selectivity of the target
product.'™>''® A typical heterojunction catalyst Sn-Cu/SnO, is
used for the electrocatalytic reduction of CO, to HCOOX, giving a
superior HCOOX product rate of 6.8 mmol h™" cm™? at jicoon Of
357.9 mA cm 2 (Fig. 12)."" The Pd@SnO,-NSs/C with hetero-
junction structure applied in the FAOR reaction exhibits satis-
factory mass activities of 4.96 A mg™" (Fig. 12)."'® The results
suggest a high potential for the use of heterojunction catalysts
for the electrocatalytic CO,~HCOOX interconversion.

5.1 Heterojunction catalysts for electroreduction of CO, to
HCOOX

Recently, a variety of metals (Bi, Sn, Pb, Pd, Ag, Zn, Cd, In, etc.)
and their corresponding metal oxides/sulfides/nitrides have
been used as efficient electrocatalysts for hydrogenation
reduction of CO,/HCO,;~ to formate.”® 4116119120 gome
metals (Pd, Pb, Hg, and Cd) show better electrocatalytic per-
formance in converting CO,/HCO;™ to formate but are limited
in practical application due to their scarcity, high cost, and
toxicity. Among all the catalysts investigated to date, In-based
electrocatalysts with excellent selectivity toward targeted for-
mate and non-toxicity have attracted much attention.'*' Sn and
Bi metals, as the low-cost, low-toxic, and earth-abundant metal
elements, show high selectivity to formic acid and a high activity
during the electrocatalytic CO, reduction reaction.'?%'??
Therefore, Sn-, Bi-, and In-based catalysts are promising candi-
dates for large-scale real-world use, because of their merits of low
price, abundance, and environmental benignancy, compared to
the noble metals Au, Pd, and Ag, as well as the toxic metals Pb,
Hg, and Cd.

Different schemes are used to improve the catalytic perfor-
mance of these three metals, in which the catalytic activity and
selectivity can be greatly improved by constructing heterojunc-
tion structures. Coupling the heterostructure interfaces in the
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Electrolyte: KOH

Cat.: Sn-Cu/SnO,
Jucoon: 357.9 mA cm?2
Thcoow: 6.8 mmol h-'em?

Electrolyte: HCIO, + HCOOH

Cat.: PA@SnO,-NSs/C

Mass activities: 4.96 A mg-!
Specific activities: 216.95 A m2 gcga

Fig. 12 The schematic of the electrocatalytic cyclic CO,/HCOs™ and
HCOO™ for storage and release of H, and energy.

heterojunction could regulate the electronic structure and
coordination environment of the metal-based part and then
decrease the energy barriers of the key intermediates in the
ECO,RR reaction. Therefore, it is highly necessary to promote
electron transfer and key intermediate adsorption on the
heterojunction catalysts to perfect the ECO,RR performance.

5.1.1 Metal-semiconductor heterojunctions for electro-
reduction of CO, to HCOOX. Through the selection of a
suitable semiconductor support, a metal-semiconductor het-
erojunction interface is formed, and the electronic structure of
the metal surface can be regulated through the electron trans-
fer of the interface, thus promoting the adsorption of sub-
strates and key intermediates and improving the activity and
selectivity of the reaction.

As common semiconductor supports, metal oxides (BiO,,
TiO,, Ce0,, etc.) are ideal support candidates and have shown
excellent results in the research.'**>*

A novel Bi/BiO, Mott-Schottky heterostructure was designed
by transforming the as-synthesized Bi,O;/BiO, heterojunction
during the reaction process.’** Based on the heterogenous
interface, the Bi/BiO, catalyst shows enhanced performance
of the absorption for CO, and key *OCHO intermediates,
leading to the outstanding selectivity (faradaic efficiency (FE)
> 95%) of the target product formate in a wide potential range,
accompanied by a high current density of 111.42 mA cm >,

The synthesized Bi/CeO, catalyst by the in situ electroreduc-
tion of Bi,0,CO3/CeO, displays high selectivity of formate
with the FE (92%) (Fig. 13(b)) at a high current density of
149 mA cm~? (Fig. 13(c)) and outstanding stability with a long
time test of 34 h.'** The introduction of CeO, to form Bi/CeO,
heterostructures promotes charge transport, leading to a better
performance of the adsorption and activation of CO,, enhan-
cing the adsorption of key intermediates *HCOO (Fig. 13(a)),
further resulting in high activity and selectivity. At the same
time, the formation of a heterojunction promotes the for-
mation of much smaller particle size Bi active sites, which is
also the important reason for improving catalytic performance.

In addition to oxides, carbon materials are also a common
class of semiconductor supports and are widely used to design
efficient metal-semiconductor heterojunction catalysts.'>>*>°

A Sn/CN synthesized by reducing Sn** to metallic Sn parti-
cles in the polymeric carbon nitride (CN), with strong
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interaction between the Sn and CN heterostructure interface
(Fig. 14(a)), exhibits good performance for durable, efficient,
and highly selective electroreduction of CO, to formic acid
(Fig. 14(b) and (c))."*° In the stable heterojunction interface
of the composite Sn/CN catalyst, electrons are transferred from
the CN to the Sn atom, leading to the electron-rich structure of
Sn, promoting the adsorption and activation of CO, molecules,
thus enhancing the electroreduction of CO, to formate.

A novel metal In nanoparticle anchoring on a PEDOT-
modified carbon (PC) heterojunction catalyst is designed by
transforming In,03;/PC during the reaction process of ECO,RR
to formate. In,0;/PC presents an outstanding electrocatalytic
selectivity for formate with an FE of 95.4%, an extremely high
formate current density of 239.8 mA cm ™ at —1.18 V vs. RHE,
and a high stability for 75 h continuous electrolysis test."*'
There are strong interface electronic interactions between In
metal and PC in the In/PC heterojunction confirmed by both
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Fig. 14 (a) Schematic illustration of Sn/CN. (b) LSV curves over different
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2308 | Mater. Chem. Front., 2024, 8, 2300-2321 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


https://doi.org/10.1039/d4qm00160e

Published on 10 aprlis 2024. Downloaded on 15.08.2024 08:19:56.

Review

experiments and DFT results, elevating the p-band center of In
metal active sites to the Fermi level, resulting in the lower
formation energies of the *XOCHO, which is the key intermedi-
ate for converting CO, to the target production formate.

The electronic structure of the non-noble metal surface
could be tuned by the construction of a reasonable metal-
semiconductor heterojunction to promote the adsorption of
CO, and target intermediates, thus improving the performance
of electrocatalysis from CO, to formic acid.

5.1.2 Semiconductor-semiconductor heterojunctions for
electroreduction of CO, to HCOOX. In addition to metals, for
oxides and nitrides of these metals the construction of
heterojunctions is also an effective method for improving the
activity, selectivity, and stability of catalysts for the ECO,RR
reaction.’'®"?1'?> The construction of semiconductor-semi-
conductor heterojunctions will also form electron transfer at
the interface to achieve changes in the electronic structure of
the active sites, thereby promoting the adsorption of substrates
and key intermediates, further improving catalytic activity and
selectivity.

A typical heterojunction structure composed of 0D SnO,
nanodots confined on 2D graphitic carbon nitride (g-C3;N,)
nanosheets is synthesized for the electrocatalytic reduction of
CO, to formate (Fig. 15(a)), exhibiting the superior activity
(Fig. 15(c)), stability, and high selectivity to formate with an
FE of 91.7% at —0.88 V vs. RHE (Fig. 15(b))."*° The abundant
heterojunction interface of the highly distributed SnO, on the
2D g-C;N, leads to a strong interaction between the two parts,
resulting in efficient electron transfer from g-C;N, to SnO,,
demonstrated by both the experimental and theoretical results.
And electronic modulations induced by the substantial hetero-
junction interface were confirmed to benefit the stability of
SnO, NDs and enhance the electroactivity of SnO, to achieve
high selectivity to formate and low energy barriers.
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Fig. 15 (a) Schematic illustration of SnO,/g-C3N4. (b) FEycoo-. and (c)
Jucoo- over the catalysts in 1.0 M KOH 2% Reproduced with permission.
Copyright 2023, American Chemical Society.
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An In,0;/InN heterojunction is also constructed for electro-
catalytic reduction of CO, to formate, which shows high selec-
tivity for formate with faradaic efficiency (95.7% at —1.48 V vs.
RHE) and superior stability."'® Electron transfer at the In,O;-
InN interface enriches the InN surface with electrons, promoting
substrate activation, *HCOO intermediate adsorption, and redu-
cing the energy barrier for CO, hydrogenation.

Constructing semiconductor-semiconductor heterostruc-
tures could improve electron transport at the interface,
enhance the selectivity of key intermediates, and achieve high
Faraday efficiency and current density in the reaction.

5.2 Heterojunction catalysts for electrocatalytic oxidation of
formic acid

The electrocatalytic formic acid oxidation reaction (FAOR) plays
an indispensable role in the conversion and utilization of
chemical energy, which is used for the anode of the direct
formic acid fuel cell (DFAFC).'*®

Noble metal-based nanocatalysts (NCs) (Pt, Pd, Ru, etc.) are
widely used for the formic acid oxidation reaction.’™''®'*” pt-
based catalysts are confirmed beneficial for the kinetics of
FAOR, but are limited by the production of CO, which is
unfavorable to the noble metals. Pd-based catalysts are more
inclined to dehydrogenation reaction rather than dehydration
to produce CO like Pt-based catalysts, which have been widely
used for FAOR."*® However, a significant challenge remains in
simultaneously promoting the catalytic activity and inhibiting
CO production from Pd-based catalysts. Although controlling
the exposure of specific interfaces is considered to be an
effective way to improve the activity and selectivity of electro-
catalytic reactions, regulating the surface electronic state of the
active site is also a powerful method. Through the selection of
suitable materials to form a heterojunction interface with Pd,
the electronic state of the Pd surface can be effectively changed.
Then, the adsorption energy and selectivity of the intermediates
on the surface of Pd can be regulated, which can improve the
activity and selectivity of the reaction.

A Pd/NrGO@SiO, heterojunction composed of ultrasmall size
Pd nanoclusters, silica layers, and the nitrogen-doped reduced
GO, with a specific structure, exhibits outstanding activity for the
FAOR of the peak current density (2.37 A mg '), which is
significantly higher than Pd/C and Pd/rGO.'™ The typical Pd/
NrGO@SiO, catalyst also shows better stability of catalytic
performance with only 5% degradation of the original mass
activity after the 1000 cycle tests, compared to the 100% loss of
Pd/C, 61.5% loss of Pd/rGO, and 73.2% loss of Pd/NrGO. This
excellent performance in the formic acid oxidation reaction of
Pd/NrGO@SiO, can be attributed to the small size of Pd, the
strong interactions in the interface between Pd nanoclusters and
N-doped rGO, and the stabilization of the silica layer. Among
these reasons, the strong interactions in the interface lead to
electron-enrichment of the Pd nanoclusters, which weakens the
adsorption of the unexpected CO,qs on the surface of Pd
nanoclusters and further enhances the activity of FAOR.

Typical Pd nanosheets decorated with SnO, nanoflakes
(Pd@SnO,-NSs/C) are synthesized for formic acid oxidation
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reactions with superior performance."'® There is a strong
interaction between Pd nanosheets and SnO, nanosheets with
charge transfer, demonstrated by the X-ray photoelectron
spectroscopy results. Both Sn and Pd in the Pd@SnO,-NSs/C
exhibit an obvious peak shift compared with the pure Pd
nanosheets and SnO, nanosheets. The electronic states slightly
decrease in the d-band centre of Pd, resulting in promoted
adsorption of surface species. The change in the electronic
structure of the interface enhances the formate pathway on the
Pd surface of Pd@SnO,-NSs/C. The lower activation energy
barriers for each step of formic acid oxidation than the initial
Pd (111) surface facilitate the conversion of HCOOg* into
HCOOy*, enhancing the catalytic activity of the reaction and
inhibiting CO production.

Rational design and adjustment of the electrocatalyst struc-
ture by constructing heterojunction structures is an ideal
strategy for exploring high-performance formic acid oxidation
catalysts. To increase the current density and reduce the over-
potential of electrooxidation of formic acid, both thermody-
namics and kinetics must be taken into account.* In addition,
investigations on effective non-noble metal heterojunction elec-
trocatalysts are significant for large-scale practical applications.

6. Heterojunction catalysts for
photocatalytic CO,—HCOOX
interconversion cycles

Solar energy as a clean and inexhaustible energy source is
considered the ideal energy to drive the interconversion of
CO,~HCOOX."”"'?*® Therefore, the development of efficient
solar-chemical energy conversion systems and the delicate
design of highly active and selective photocatalysts have
become research hotspots in this field."""*® As shown in
Fig. 16, the typical heterojunction Cu,O-Pt/SiC/IrO, catalyst exhi-
bits a superior HCOOX production rate of 896.6 pmol g~ * h™*
with H, and energy storage."®’ On the other hand, the novel
heterojunction g-CN/MnO,/MnOOH-PdAg presents a high turn-
over frequency (TOF) of 3919 h™" for the photocatalytic HCOOX
dehydrogenation to release H,."*> The heterojunction catalysts
with rectifying contacts for the efficient photo-driven interconver-
sion of CO,/HCO;~ and HCOOX exhibit an attractive prospect for
practical hydrogen application.

6.1 Heterojunction catalysts for photoreduction of CO, to
HCOOX

A solar-driven process is a potential alternative for converting
CO, to formate instead of the traditional high-pressure and
temperature energy-intensive conditions to achieve large-scale
application with the lowest energy consumption.’>'** Photo-
catalytic CO, reduction approaches can be categorized into
heterogeneous and homogeneous processes. For practical
applications, earth-abundant heterogeneous photocatalysts
are preferred. These heterogeneous photocatalysts generally
suffer from low efficiency and poor selectivity, leading to
limited performance of the photocatalytic CO, reduction to
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Fig. 16 The schematic of the photocatalytic cyclic CO,/HCOs~ and
HCOO™ for storage and release of H, and energy.

formate.>® The construction of metal (cocatalyst) and semicon-
ductor heterojunctions is a common method to enhance photo-
chemical catalytic activity. Semiconductor-semiconductor
heterojunctions are also an efficient way to improve the effi-
ciency and selectivity of photocatalysts.

6.1.1 Metal-semiconductor heterojunctions for photore-
duction of CO, to HCOOX. Photocatalytic semiconductors
(TiO,, ZnO, SiC, and CdS, etc.) are widely applied as catalysts
for the photoconversion of CO, to formate upon light
illumination,'*""*33% because of the appropriate band struc-
ture, superior chemical stability, low toxicity, and the abun-
dance amount. The single photocatalytic semiconductor always
exhibits unsatisfactory selectivity and catalytic activity. Transi-
tion metals (Cu, Au, Pt, Ag, or Pd) are the commonly used active
sites with high activity and selectivity in the reaction of redu-
cing CO, to formate.>**>°® Thus, coupling transition metal as a
cocatalyst and the semiconductor material into a heterojunc-
tion catalyst is expected to be an efficient way to achieve high
light utilization, catalytic activity, and selectivity.

As shown in Fig. 17, a typical Pd metal can form a hetero-
junction with two different semiconductors (n-type and p-type),
constructing the photocatalyst system. Due to the difference in
the work function (¢) between the metal and the semiconduc-
tor, a rectifying contact and a Schottky barrier are formed in the
interface, leading to an electron transfer.'*® What’s more, the
interface forms an internal electric field to drive electrons to
migrate from the inside to the surface of the semiconductor,
allowing photogenerated electrons and holes to separate. Due
to the Schottky barrier, electron redistribution is achieved at
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Fig. 17 The proposed scheme of charge transfer between Pd and two
typical semiconductors under illumination.™*> Reproduced with permis-
sion. Copyright 2023, Wiley VCH.
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the interface between Pd and semiconductor. At the Pd/n-type
semiconductor interface, electrons are transferred from the
conduction band (CB) of the semiconductor to the metal. An
opposite flow direction of electrons is shown in the Pd/p-type
semiconductor interface, and the holes in the valence band
(VB) of the semiconductor are transferred to the metal. This is
the typical metal cocatalyst and semiconductor heterojunction
photocatalyst working mechanism under light.

The Pt-nanodots (NDs) as cocatalysts in the typical photo-
catalyst system Pt@TiO,-Au nanoparticles (NPs) have robust
structure and stability for efficient photoconversion of CO, to
HCOOH, exhibiting a superior performance of 3.12% conversion
rate for chemical yield from CO, to HCOOH and 1.84% of
quantum yield."*® The use of PtNDs as a cocatalyst significantly
enhances the utilization of photogenerated electrons and CO,
photoconversion efficiency compared to TiO,-AuNPs under visi-
ble light. Due to the specific cocatalyst and semiconductor
heterojunction structure, outstanding activity could be achieved.

The noble metals used as cocatalysts show satisfactory
performance but are limited by high cost and scarcity. The
non-noble metals (Ni, Co, Cu, etc.) are also applied for the
hydrogenation of CO, but exhibit a gap compared to the noble
metal catalysts."”>>"** In comparison, the alloy-based non-noble
metals with specific structures can achieve a comparable activity
with the noble metals for the construction of heterojunctions.

The heterojunction catalyst constructed from the NiB alloy
and the In,0; semiconductor is designed for the photocatalytic
reduction of CO, to formate, giving a superior performance for
the production of HCOOH (5158.0 umol ¢g~' h™") under sun-
light (Fig. 18)."*” The abundant heterojunction interfaces pro-
vided by the high distribution of the amorphous NiB alloy on
In,0; lead to the fast transfer of photoelectrons generated by
the semiconductor In,0; to NiB, inhibiting the recombination
of photoelectron-hole, further efficiently promoting the quan-
tum efficiency. And the electron-enriched NiB amorphous alloy
improves the photocatalytic hydrogenation of CO, to formate.

Photoelectrochemical (PEC) CO, reduction reaction (CO,RR)
using renewable electricity and solar energy to produce value-
added products selectively is also a promising long-term
solution.>"*® Different semiconductors (III-V semiconductors,
metal oxides, silicon materials, etc.) have been investigated as
the photocathodes for the PEC CO, reduction,'”*****° since the
PEC CO, reduction was first proposed by Halmann in 1978.**"
The efficiency of the photocathodes is still a central challenge.
Heterojunctions combined with semiconductors and cocatalysts
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Fig. 18 Proposed scheme of the conversion CO, to formate process on
the NiB/In,Oz heterojunction under illumination.**” Reproduced with
permission. Copyright 2021, Elsevier.
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as photoelectrodes are also an efficient way to improve the
performance of photoelectrochemical CO, reduction. The appro-
priate construction of the heterojunction as a photoelectrode
could improve light absorption, boost charge transfer, inhibit
the recombination of photogenerated electron-hole pairs, and
further promote the performance of photoelectrochemical CO,
reduction to HCOOX. A range of metals (Bi, Sn, Ag, In, etc.) have
been used as co-catalysts to construct heterojunction photoelec-
trodes with semiconductors to achieve efficient photoelectro-
chemical reduction of CO, to HCOOX.'7-14>7144

An optimized Bi/GaN/Si heterojunction photocathode is
developed for the reduction of CO, to HCOOH, giving an
outstanding faradaic efficiency of formic acid (98%) at 0.3 V
vs. RHE with 1-sun illumination."” The specific electronic
interaction between the Bi nanoparticles and GaN nanowires
at the coupled interface boosts the electron transfer to Bi
nanoparticles from GaN nanowires and favors the reduction
of CO, to HCOOH.

The heterojunction structure of semiconductor and metal
enhances the separation of the photogenerated charge and
improves the catalytic activity of the cocatalyst metal.

6.1.2 Semiconductor-semiconductor heterojunctions for
photoreduction of CO, to HCOOX. The semiconductor-semi-
conductor heterojunction with favorable band alignment is
also an efficient way for photogenerated charge separation.’’
And among the several types of heterojunctions, the Z-scheme
heterojunction with the staggered gap of two n-type
semiconductors has a high charge separation efficiency and
superior redox ability.'"°

In a typical Z-scheme architecture PCN-222/CsPbBr; hybrid,
photogenerated electrons in the PCN-222 with a more positive
conduction band (CB) position will be injected into the valence
band (VB) of another part CsPbBr; with a more negative
position (Fig. 19(a))."*® The as-designed direct Z-scheme het-
erojunction of PCN-222/CsPbBr; is used for the efficient photo-
reduction of CO, to formic acid, giving high enhancement in
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Fig. 19 (a) The proposed scheme of the mechanism of the Z-scheme
PCN-222/CsPbBrs heterojunction under illumination. (b) The performance
of photocatalytic reduction of CO, over different catalysts. (c) The per-
formance of photocatalytic reduction of CO, over PCN-222/CsPbBrs
heterojunction under different conditions.*> Reproduced with permission.
Copyright 2023, Elsevier.
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Reproduced with permission. Copyright 2020, Springer International
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the photoreduction of CO, to HCOOH compared to a single
part (Fig. 19(b) and (c)) and a 100% selectivity for HCOOH. The
efficient charge transfer in the interface between PCN-222 and
CsPbBr; leads to the fabrication of the internal electric field
(IEF), which is confirmed by the experimental results as the key
to the superior spatial separation of photo-generated electron-
hole pairs. Due to the special electron transfer pathway in the Z-
scheme heterojunction interface, the outstanding redox ability
is achieved for the reduction of CO, to HCOOH.

A novel Z-scheme Cu,O-Pt/SiC/IrO, catalyst is also con-
structed and used in an artificial separating oxidation and
reduction photocatalytic system for the efficient conversion of
CO, to HCOOH and the oxidation of H,O to O, (Fig. 20(a)),
leading to superior production rates for HCOOH and O, of
896.7 (Fig. 20(b)) and 440.7 umol g~ ' h™", respectively, under
visible illumination.”** The specific Z-scheme heterojunction of
Cu,O-Pt/SiC/IrO, with suitable electronic structure and the
separation system lead to long lifetime of photogenerated
electron-hole pairs and high selectivity for target production,
which are the key reasons for the outstanding performance of
reduction of CO, and oxidation of H,O.

Semiconductors and semiconductor heterojunctions, espe-
cially Z-type heterojunctions, extend the lifetimes of photogen-
erated electrons and holes, enhance the redox ability of the
catalyst, and then improve the photoreduction performance.

6.2 Heterojunction catalysts for photocatalytic
dehydrogenation of HCOOX

Photocatalytic HCOOX dehydrogenation is considered as one of
the most promising methods for H, generation, because solar
energy is clean and abundant.'*®'*” Semiconductor photocata-
lysts are favored by researchers, but there are still some
problems such as easy recombination of the photogenerated
charge, low energy utilization, and poor catalytic activity.'*® The
heterojunction catalyst can achieve efficient photogenerated

2312 | Mater. Chem. Front., 2024, 8, 2300-2321

View Article Online

Review

charge separation through the design of the interface electronic
structure and tune the electron density of the active site to
further change the adsorption energy of key intermediate
species in the reaction path, so as to improve the above
problems.'*® The heterojunction photocatalysts composed of
semiconductor and metal-based cocatalysts have been exten-
sively investigated to enhance the activity of solar-driven
HCOOX dehydrogenation. And a few semiconductor-semicon-
ductor photocatalyst systems have also been proposed.

6.2.1 Metal-semiconductor heterojunction for photocatalytic
dehydrogenation of HCOOX. Noble metals (Pd, Ru, Ir, etc.) are
widely used as active sites for the dehydrogenation of HCOOX,
especially the Pd metal.”*””'*° The electron structure of Pd NPs is
considered as an important factor in improving the performance
of dehydrogenation of HCOOX over Pd-based catalysts.*°
The heterojunction constructed from the Pd metal and the
semiconductor is an effective approach to tuning the electronic
structure of Pd nanoparticles.

Pd nanoparticles (NPs) and g-C;N, (PA@CN) heterojunction
catalysts are successfully designed with a rectifying contact
between Pd NPs and g-C;N,, which show superior catalytic
activity as a photocatalyst under visible light."*° A typical Mott-
Schottky heterojunction forms at the interface of Pd and g-
C;3N,, allowing electrons to flow through the metal-semicon-
ductor interface until Fermi level equilibrium is reached, which
causes the conduction band of g-C3N, to bend downward
(Fig. 21(a)). The photoluminescence intensity of g-C3N,
decreases significantly upon the introduction of Pd NPs, con-
firming the formation of a heterojunction and the enhanced
charge separation at the heterojunction interface. The Mott-
Schottky interface separates more electron-hole pairs, and the
Schottky barrier prevents electron backflow, facilitating the
electron enrichment of Pd-NPs and significantly enhancing
the catalytic activity (Fig. 21(b)). More importantly, the
enhancement of the catalytic performance of the Mott-Schottky
catalyst is related to the wavelength, directly demonstrating the
key role of the Mott-Schottky effect in promoting the catalytic
activity of PA@CN.

Alloy metal and semiconductor heterojunction structures
can also be designed and developed as excellent photocatalysts
for formic acid dehydrogenation."®" PdAg nanowires (NWs) on
graphitic carbon nitride (g-C3N,) PdAg@g-C;N, Mott-Schottky
heterojunction catalysts offer superior photocatalytic perfor-
mance of dehydrogenation of formic acid (FA) (TOF =
420 h™") under visible light at 25 °C."*° The charge transfer
from g-C3N, and Ag to Pd at the heterojunction interface leads
to the electron-rich nature of Pd and enhances the catalytic
activity and stability of photocatalytic FA dehydrogenation
under visible light.

While the high cost and low abundance of the noble metals
inhibit their practical application. Therefore, designing an
efficient, low-cost, and stable photocatalyst for FA dehydrogena-
tion has attracted much attention. Non-noble metals based on
heterojunction catalysts are the potential candidates for the
photocatalytic dehydrogenation of formate.'*”"'*®'>> Besides
the metals, some metal carbides, nitrides, and phosphides also
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Fig. 21 (a) Scheme for contact interface of the typical Mott—Schottky
heterojunction Pd@CN. (b) The activity of photocatalytic dehydrogenation
of HCOOH over Pd@CN under the different irradiation wavelengths.*°
Reproduced with permission. Copyright 2013, Wiley VCH.

exhibit metallic properties and can therefore be used to con-
struct metal-based heterojunctions. Among the non-noble metal
based catalysts, the corresponding transition-metal phosphides
(TMPs) with good conductivity and high chemical stability have
been widely investigated in various photocatalytic systems and
exhibit superior photocatalytic performances.'*"***™%> All of
these properties suggest that TMPs can be ideal cocatalysts for
the photocatalytic dehydrogenation of HCOOX.

Iron phosphide (FeP) nanoparticles anchored on CdS nano-
rods (FeP@CdS) are designed as superior photocatalysts for the
dehydrogenation of formic acid, giving an H, evolution rate of
~556 umol h™" at pH 3.5 and a high apparent quantum yield of
~54% at 420 nm.">® The inherent electric field at the interface
between FeP and CdS promotes the transfer of outer electrons
from CdS to FeP. Due to the fast transfer of electrons from CdS
to FeP nanoparticles at the heterojunction interface, photogen-
erated electron-hole pairs can be rapidly separated, resulting in
efficient conversion of solar energy. The FeP co-catalyst also
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Fig. 22 (a) The schematic of the proposed process for the dehydrogena-
tion of HCOOH over a CdS/CoP@RGO sample under illumination. (b) The
H, evolution rate for the dehydrogenation of HCOOH over different
catalysts under illumination.®® Reproduced with permission. Copyright
2018, Elsevier.
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improves the selectivity of hydrogen production by inhibiting
FA dehydration.

A CoP nanoparticle (NP) with a small size is also used as an
efficient cocatalyst to construct a CdS/CoP@RGO hybrid for the
photocatalytic dehydrogenation of FA (Fig. 22(a)), giving an
outstanding production rate of H, (182 pmol mg™" h™") better
than the classical Pd/C;N, photocatalyst (Fig. 22(b)) and robust
chemical stability under visible illumination without any
additives."”® CoP plays a vital role in promoting the photo-
generated charge separation, leading to the efficient charge
transfer in the interface, preferred for the evolution of H,,
which is confirmed by both the DFT and experimental results.

The methods for construction of heterojunctions could be
extended to double transition metal-based catalysts. Typical
NiCoP nanoparticles anchored to CdS nanorods (NiCoP@CdS
NRs) are also synthesized with fast electron transfer from CdS
to NiCoP nanoparticles caused by the construction of a hetero-
junction interface, resulting in the effective separation of elec-
tron-hole pairs generated by CdS, which show efficient and
robust photocatalytic performance for FA dehydrogenation.'**
The best H, evolution and apparent quantum yield (AQY) of
photocatalytic HCOOH dehydrogenation are 354 umol mg™" h™*
with 100% selectivity and 45.5%, respectively, under the optimal
conditions at 420 nm. Furthermore, the H, evolution rate can be
maintained after a longtime test of 48 h under visible illumination
and optimal conditions.

The nitrides of transition metals with metallic properties
can also be used as cocatalysts to construct metal-semiconductor
heterojunctions for the photocatalytic dehydrogenation of formate.
A specific CdS/W,N; heterojunction photocatalyst system is synthe-
sized for efficient photo-decomposition of HCOOH to achieve the
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products from H, to syngas with tunable selectivity under
sunlight."> Due to the difference in the work function of W,N;
and CdS, electrons can be transferred from CdS with a higher
Fermi level to W,N; with a lower Fermi level in the contact
interface, forming a strong interaction (Fig. 23(a)), which improves
the separation of photogenerated carriers. The W,N; cocatalyst as
reduction active sites in the CdS/W,N; heterojunction can achieve a
remarkable H, production rate of 408.90 umol h™' in the photo-
catalytic reaction (Fig. 23(b)).

The heterojunction structure of metal co-catalysts and photo-
semiconductors improves the efficiency of photoelectrons and
regulates the electronic structure of the metal surface, which can
greatly improve the performance of photocatalytic HCOOX dehy-
drogenation. In addition to noble metals, non-noble metals,
metal phosphides, and nitrides can be used for constructing
efficient heterojunction catalysts as co-catalysts with suitable
photo-semiconductors, which have the potential for practical
application.

6.2.2 Semiconductor-semiconductor heterojunctions for
photocatalytic dehydrogenation of HCOOX. The high redox
ability of the Z-scheme heterojunction is the most remarkable
of the different types of semiconductor-semiconductor hetero-
junctions.*® A more positive hole potential and efficient charge
separation can be achieved by constructing the Z-scheme
with suitable semiconductors, which are favorable for the
photocatalytic dehydrogenation of HCOOX.

Graphitic carbon nitride (g-CN) as a typical semiconductor is
widely used for photocatalytic reactions, because of the suitable
band structure and cost."*® A novel Z-scheme heterojunction g-
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Fig. 24 (a) The scheme of HCOOH dehydrogenation reaction over g-CN/
Ag/AgzPO4—-AgPd under illumination. (b) The turnover frequency (TOF)
values of different catalysts at 50 °C under visible light.**® Reproduced with
permission. Copyright 2021, Elsevier.
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CN/Ag/Ag;PO,-AgPd photocatalyst is synthesized by choosing a
secondary semiconductor of Ag;PO, with a more positive
potential of valence band than g-CN for FA dehydrogenation,
giving a superior turnover frequency (TOF) of 2107 h™* at 50 °C
under white-LED illumination (Fig. 24(b)). The typically designed
¢-CN/Ag/Ag;PO,~AgPd photocatalysts with specific interfaces
highly boost the photocatalytic dehydrogenation of HCOOH by
providing a more positive potential of the hole and promoting
the charge separation efficiency of the heterojunction catalyst
(Fig. 24(a)).

Compared with the widespread application of metal-semi-
conductor heterojunctions in photocatalytic dehydrogenation,
semiconductor-semiconductor heterojunctions have been stu-
died relatively little. A Z-scheme heterojunction as a typical
semiconductor-semiconductor heterojunction structure can
efficiently separate photogenerated charges and improve the
oxidation capacity of photogenerated holes, which is conducive to
the photocatalytic formate dehydrogenation reaction. Therefore,
the rational design of a Z-type heterojunction to achieve efficient
photocatalytic HCOOX dehydrogenation is still a worthy research
direction.

7. Conclusions

The interconversion between CO,/HCO; and HCOOX is an
efficient way to chemically reuse excess CO, and achieve the
goal of safe storage and transportation of hydrogen energy. To
realize the actual use of the interconversion circle, developing
efficient and sustainable heterogeneous catalysts is always of
the top priority. Heterojunction catalysts, including metal-
semiconductor heterojunctions and semiconductor-semicon-
ductor heterojunctions, have been investigated to change the
electronic structure of the active site and specifically regulate
the activity, selectivity, and stability of the catalysts. In this
review, the effects of interfacial electronic structures in differ-
ent heterojunctions for the CO,/HCO;~ and HCOOH/HCOO™
interconversion driven by different energy forms are described
in detail, and the potential practical use of heterojunction
catalysts in various energy forms is proposed.

In the thermal catalysis system, the heterojunction catalysts
composed of noble metal-based active centres highly elevate
the activity and atomic utilization of noble metals. The electro-
nic interface in the heterojunction catalyst regulates the elec-
tron density of the metal, reduces the size of the nanoparticles
of the noble metal, and enhances the activation of the reac-
tants, leading to the efficient performance of hydrogenation
and dehydrogenation reactions. According to the best existing
heterojunction catalysts, it takes hours to achieve usable kilo-
gram level hydrogen storage, and the release of 1 kg of hydro-
gen can be controlled within 40 minutes. As a result, the
heterojunction type catalysts have shown the potential to
achieve kilogram-scale reactions of H, storage and release for
practical applications, while the development of cheaper and
more efficient non-noble metal heterojunction catalysts
remains the key to expanding their use at relatively low cost.
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In the electrocatalytic system, non-noble metal Sn, Bi, and
In-based heterojunction materials have shown great prospects
for achieving efficient CO, hydrogenation performance. The
interfacial electron regulations of heterojunction catalysts
based on cheap metal elements also accelerate electron trans-
port, enhance the activation of CO,, and thus promote the final
activity and selectivity. At present, the reaction rate of electro-
chemical hydrogenation of CO, to formate over the optimal
catalyst is still at the millimolar level under industrial current
(>200 mA cm™?), and there is still a big gap from achieving the
usable hydrogen storage capacity of 1 kg. In order to achieve
more valuable electrocatalytic hydrogenation, in addition to the
design of better heterojunction catalysts, large-area electrodes
and appropriate reactors are also the future directions. The
electrocatalytic dehydrogenation of formic acid to release
hydrogen is rarely reported, because of the very few usage
scenarios. Electrooxidation of formic acid remains the main-
stream to release energy for formic acid fuel cells.

In the photocatalytic system, heterojunction catalysts with
the rectifying contact improve the separation of photogener-
ated charge and the redox ability of the catalyst for the efficient
photo-driven interconversion of CO,/HCO;~ and HCOOX,
which shows an attractive prospect for the practical applica-
tion. However, the hydrogenation rate and hydrogen evolution
rate that are based on the interconversion of CO,/HCO;™ and
HCOOX over the state-of-art photocatalysts are still limited at
the micromolar level, far apart from practical uses in the
kilogram-scale hydrogen storage.

The exploration and application of reusable catalysts in the
CO,-HCOOX interconversion reaction is still in its infancy.
Heterojunction-based catalysts composed of non-noble metals
promise great potential in largely boosting the intrinsic activity
for interconversion of CO,/HCO;  and HCOOX. In general,
studies on developing powerful catalysts and designing reactors
with good control of the energy input and gas diffusion to boost
the multiphase reactions are still highly required to meet the
requirements of large-scale applications.
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