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CO, Reduction Reactions by Rhodium-Based
Catalysts

Danilo Bonincontro and Elsje Alessandra Quadrelli

Abstract Reduction reactions of CO, using chemicals obtained from renewable
energy sources (as for example, dihydrogen obtained using renewable-issued elec-
tricity) or using directly renewable energy sources can contribute to store and use
renewable energies in our current infrastructures. Rh-based catalysts have been
playing a key role in the field of CO, reduction. From its very first application as
homogeneous catalyst to now, several Rh-based catalytic systems have been suc-
cessfully tested. This chapter gives the reader an overview as well as a mechanistic
insight where possible into the Rh-catalysed CO, reduction reductions: production
of formic acid and higher carboxylic acids with homogeneous catalysts, methane,
CO and various oxygenated compounds via heterogeneous catalysis, and various
products by means of electro- and photocatalysis.
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1 Introduction

Carbon dioxide emissions are emerging as a towering side effect of fossil fuel
utilization. As a major energy provider, accounting for 81% of our 2013 global
consumption, fossil fuels are responsible for a big share of the year’s —31.6 GT of
CO, emissions [1, 2]. Despite considerable efforts to reduce such consumption and
curb CO, emissions, the predicted increase in overall energy consumption, and the
expected continued dominance of fossil fuels in the energy mix for the next
decades, explains in part why, regardless the scenario envisaged [3], CO, emissions
are expected to raise continuously for at least the next decade (see Fig. 1) [2]. Albeit
nature provides very efficient carbon cycles, capable mainly through photosynthe-
sis and ocean capture to absorb back about half of the anthropogenic emissions [4],
the CO, buildup cannot be curbed unless major dedicated efforts are directed to this
aim [5-11].

Carbon dioxide has long been considered an intractable waste, due, inter alia, to
its very high thermodynamic stability. The rare — yet very established and indus-
trially relevant — applications of carbon dioxide utilization, production of urea to
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Fig. 1 World energy demand (right axis and black lines) and CO, anthropogenic emissions (/eft
axis and blue lines) between 2000 and 2040 measured and forecasted according to different
scenarios: the “business-as-usual” scenario (i.e., no dedicated change in energy policy), the
“new policies” scenario which takes into account the environmental pledges announced by the
countries in October 2015 before the COP21, and the “450 scenario ppm” (officially named
Scenario 450) developed with the goal to maintain the greenhouse gases concentration in atmo-
sphere under 450 ppm of CO; [2]



CO, Reduction Reactions by Rhodium-Based Catalysts 265

name one, typically do not change the carbon oxidation number or at least do not
require large energy input due to the favorable thermodynamic parameters of the
carbonation reactions [5—8]. The capacity to synthesize from CO, sufficiently long-
lived materials (ex polymers or building blocks from carbionation of waste) are
some of the examples that show how carbon dioxide utilization (CDU) reactions are
emerging as an important complement/alternative to carbon capture storage [5—8].

At the opposite end of such carboxylation reactions, reactions aiming at breaking
(and hence reducing) one of these very stable C = O bonds imply substantial energy
supply (see Scheme 1). CO, thermodynamic stability explains the need for very
large quantities of energies to jolt the carbon atom back into a reduced valence state
and thus removing one C = O bond and/or forming new C—C or C-H bonds such as
in CO, HCOOH (+II oxidation number), CH;0OH (—II oxidation number) or CH,4
(—IV). This energetic hurdle has made CO, unattractive for reduction reactions
until recently. Now, with the overarching desire to find ways to store renewable
energy as chemical energy, this very same thermodynamic stability makes CO, a
suitable molecule to store energy. Indeed, CO, is asserting itself as a crucial vector
molecule for the injection of renewable energy in our current infrastructure thus
providing a key technology for avoidance of fossil fuel [9, 10]. This review will
focus on these CO, reduction reactions.

In the chemical industry, over 90% of the processes involve at least one catalytic
step [11]. Catalysis plays a similar fundamental role in the chemistry enabling the
reduction of CO, in added-value products [5—10]. Among the several catalytic
systems, we will here review the role of rhodium-based catalysts in the CO,
reduction reactions.

CO, reduction (carbonylation) reactions CO, insertion (carboxylation) reactions
HCOOH f
C"'O :otmrogeneous;’ Organic/polymer o |
SU8rOBENEOUS 4 rbonate chemistry O ¢ 0 "'_° e |

reduction ;
Hac‘ ©/ -—‘_ C s (o]

K o]
D\c/o i
CeH1205 = ; i H,N"~“NH
23 Ch?m'cal Inorganic chemistry o £ 2
reductions
Chemical decxygenation Not excessively
Strongly energy intensive
energy demanding Long lasting products
FUELS DURABLE MATERIALS
€0, used to convert €0; moiety kept
fluctuating REN intact and stored
to stable chemical energy durably

Scheme 1 Overview of two major types of CDU reactions: /eft, reduction reactions as mean to
provide an energy vector for fossil fuel avoidance, see text; right, in CO, insertion reaction as
mean to chemical storage of CO, molecules
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2  Molecular Catalysts

2.1 Formic Acid

World formic acid (FA) production was 950,000 t in 2014, and its industrial
applications are very wide, ranging from silage manufacturing, leather and tanning
production, to pharmaceutical industry [12]. More than 80% of FA world produc-
tion comes from the hydrolysis of methyl formate which is obtained through the
reaction between CO and methanol (which is recycled after the hydrolysis). A more
sustainable approach for its production could become the direct reduction of CO,
with H, produced with renewable energy, r-H, (see Scheme 2) [10, 13].

To estimate the impact of such potential technology switch, one could first
propose the following upper boundary: replacing the entire traditional production
with CO,-based technologies could lead to a consumption of 1 Mt y~' of CO,
(around 0.003% of the overall annual CO, emission). At the same time, this
estimate does not take into account the major role that CO,-based formic acid
production could make: store and transport hydrogen through the cycle reported in
Scheme 2 [5-9, 13—15]. Such approach is claimed to be CO,-emission neutral if the
dihydrogen is “renewable” hydrogen, -H,, and permits easier and safer transport-
ability of liquid fuel with respect to compressed molecular hydrogen. In this case of
formic acid formation (Eq. 2), the role of CO, reaction would not be about storing
(or consuming) CO,, but rather about avoiding later CO, emissions through fossil
fuel replacement with renewable energy (REN)-based fuels (see column
1, Scheme 1). In this latter case, the volume of formic acid produced from CO,
depends on the penetration of such energy vector in the infrastructures, which, if
successful, could largely overpass the figures cited above.

The first work which showed CO, reduction into formic acid following
Eq. (2) was through rhodium-based catalysis into the spotlight. Inoue reported in
1976 that RhCI(PPh); was among the best catalysts to achieve formic acid produc-
tion directly from CO, and H, [16]. The screening of different transition metal
complexes was performed in nonaqueous medium (benzene) and in the presence of
a base and water (typical molar ratio base/water 1/10). Among the different
complexes tested, the Wilkinson’s complex, RhCI(PPh);, in the presence of
trimethylamine as base was found active, second only to ruthenium-based system.
A deep insight into the catalytic behavior of Wilkinson’s complex was reported by

Scheme 2 Reaction HCOOH

scheme for current

industrial route to formic

acid (Eq. 1) and alternative

route directly from CO,

(Eq. 2), which is part the H, co, H,
proposed CO,-mediated

storage and release of H,

[10, 13-15]
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Ezhova [17]. This work highlighted the effect of different parameters on the
catalytic behavior of the complex. A predominant role is played by the solvent:
heptane, benzene, and THF were found to repress the activity of the complex, while
DMSO and MeOH have been found to be suitable solvents for this reaction, even
though when MeOH is used the presence of methyl formate is detected at the end of
the reaction. The study of the catalytic properties of other Rh(I)-containing species
demonstrated the importance of phosphine ligands: all complexes containing a
phosphine ligand were found to be active in the conversion of CO, into formic
acid; on the other hand, the complex without a phosphine ligand are inactive,
and some of them showed activity only after the addition of phosphine ligands.
The *'P-NMR study reported in the same paper suggested that RhCI1(PPh3),(NEt;)
is the precursor of the active complex, and its decomposition is inhibited by the
excess of phosphine.

The conversion of CO, in nonaqueous solvents is also catalyzed by RhH
(diphosphine) complexes [18]. The diphosphines are prepared in situ using the
bidentate phosphine 1,4-bis(diphenylphosphino)butane (dppb, Ph,P-(CH,)4-PPh,)
and two different Rh-containing precursors: [RhCl(cod),], and [RhH(cod),]
(cod = 1,5-cyclooctadiene). The first system suffers from an “induction time” that
could be overcome by an activation with H, or HCOOH, which is necessary to
obtain RhH(dppb), the postulated active species. In order to understand which of
the effects are structural changes in phosphine ligands on the catalytic activity of Rh
(I) precursors, Leitner’s group synthesized and tested the catalytic activity of a
series of [(P,)Rh(hfacac)] (hfacac =1,1,1,5,5,5-hexafluoroacetylacetonate) com-
plexes. It was found that the larger the P-Rh-P bite angle, the greater the '“*Rh
NMR chemical shift and the higher the reaction rate [19]. Further studies were
focused on the determination of the accessible molecular surface (AMS) [20] of
such complexes and their correlation with the activity, and it was found that the
AMS inversely correlated with the reaction rate.

In order to obtain water-soluble Rh(I)-based complexes, the already mentioned
[RhCl(cod),], and [RhH(cod)4] precursors were modified using the water-soluble
sodium trisulfonated triphenylphosphine ligand (C¢H4-m-SO3;~Na*);P, TPPTS) in
a ratio P:Rh=2.6:1 [21]. Both complexes were found active in the reduction of
CO; into selective formic acid using NEt; as base. The complex RhCI(TPPTS);
was also successfully tested. Amine variation sensibly affected the catalytic per-
formances. NEt; and HNEt, showed the best performances, while ethanolamines
reduced the catalytic activity. The base is indeed believed to play a crucial role in
the catalytic cycle, since monohydridorhodium complex, RhH(TPPTS);L, is
formed only in the presence of a base (see Scheme 3).

All the catalytic cycles reported so far involve CO, insertion into Rh(I)-H
bonds. A DFT calculation showed that the energy associated to the CO, insertion
into the Rh—H bond is higher for Rh(III) than for Rh(I) [23]. This different behavior
could explain why Rh(III)-containing complexes are not commonly used. However,
as it will be discussed in Sect. 4, a Rh(III) complex were found to be active as an
electrocatalyst in the conversion of CO, into formate.

A recent development in the field of formic acid production with rhodium-based
catalysts in the context of carbon capture and utilization (CCU) was proposed by Li
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Scheme 3 Catalytic cycle for CO, conversion into formic acid catalyzed by CIRh(TPPTS);L in
the presence of a base, B (e.g., NEt; HNEt,, ethanolamine) [22]
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Fig. 2 Proposed CCU process for the conversion of CO, into formic acid mediated by silica-
supported DBU and Rh-based catalyst [24]

[24] with an integrated carbon capture and utilization (CCU) process for the in situ
conversion of CO, into formate. According to the authors, 99% of the CO, captured
can be converted into formate using suitable amidine derivative 1,8-diazabicyclo
[5.4.0]-undec-7-ene (DBU) as CO, capturing agent and RhClj as catalyst precursor.
The immobilization of the amidine derivative over silica gave rise to the formation
of solid capturing agent which was equally found to be effective in the process.
Such solid could be regenerated yielding a three-step chemical process (see Fig. 2).
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In summary, formic acid has been one of the first catalytic targets of Rh-based
CO, conversion and has continued to attract considerable interest in the context of
coupling with CO, capture but also to other longer carbon chain targets (see below).

2.2 Higher Carboxylic Acids

An attractive target for the CO, conversion is the production of carboxylic acids,
which are very widely used chemicals [5—8]. The use of CO, as electrophile reagent
in the carboxylation reaction requires high nucleophile reactants, such as
organolithiums or Grignard reagents. Alongside these classical approaches, differ-
ent catalytic cycles involving transition metal complexes have been developed,
among which are Rh(I) species [25]. For example, [Rh(OH)(cod)], was found to be
an effective precursor in the carboxylation of the ester of a wide range of
arylboronic acid under mild conditions (1 atm of CO, at 60°C in dioxane as solvent
in the presence of 1,3-bis(diphenylphosphino)propane, dppp, see Eq. 3) [26], which
makes this reaction particularly useful when the Grignard reagent route is not
available. The analogous precursor [RhCl(nbd)], (nbd =norbonadiene) was used
in the carboxylation of alkenylboronic acids in the already mentioned operative
conditions (Eq. 4).

3 %mor [RN(OH)(cod)],
7 %mol dPPP
3eq CsF (3)

o)
Ar-B. >< +CO, — Ar-COOH
6] dioxane, 60°C

5 %mo [RNCI(nbd)],
7 %moi dppp or (p-MeO)dppp
3 eqCsF (4)
R 0
p COOH
NB\OX +co, — > o

dioxane, 60°C R

The rhodium (I) complex [RhCl(cyclooctene),],, activated in situ by an alkylating
agent such as AlMe,(OMe) and in the presence of tricyclohexylphosphine, PCys,
catalyzes the direct carboxylation of phenylpiridines and phenylpyrazoles (see
Eq. 5) [27]. In the proposed catalytic cycle, the Rh(I) catalyst activates the C—H
bond; then, after methane reductive elimination from the resulting Rh(III) aryl
intermediates, the complex undergoes the nucleophilic insertion of the CO, moiety
in the Rh'-Ar bond; the final transmetallation step with the aluminum alkylating
agent releases the carboxylated species regenerating the active catalytic species
(see Scheme 4). The direct carboxylation of benzene and its derivatives (toluene,
xylenes, and others) could also be achieved using 1,2-bis(dicyclohexylphosphino)
ethane-rhodium(I) chloride complex as precursor [28]. The catalytic cycle pro-
posed for such reaction is the same as the one showed in Scheme 4, and kinetic
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Scheme 4 Proposed catalytic cycle for the carboxylation of phenylpyridine using [RhCl(coe),],
as precursor and PCyj as ligand [27]
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Scheme 5 Rh-catalyzed ([RhCl(cod)], as precursor) olefin carboxylation pathway [29]

isotopic labeling experiments suggested that the rate determining step is the C-H
bond activation.

Following a proposed reaction mechanism related to the previous one (Scheme 5),
the bimetallic system combining catalytic [RhCl(cod)], and stoichiometric ZnEt,
achieves hydrocarboxylation of aryl olefins with carbon dioxide (see Eq. 6) [29].

A markedly different mechanistic route was assessed for [RhCI(CO),],-cata-
lyzed hydrocarboxylation of linear and cyclic olefins with CO, and H, (Eq. 7) in the
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Scheme 6 Hydrocarboxylation reaction of olefin with CO, and H,, and underpinning catalytic
cycles: --WGS and hydroxycarbonylation reactions [30]
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Scheme 7 Catalytic cycles involved in Monsanto acetic acid production by Rh/iodide-based
system: left, methanol carbonylation; right, water-gas shift (WGS) cycle

presence of methyl iodide as promoter in acid conditions (see Scheme 6)
[30]. Unlike the aforementioned proposed direct carboxylation routes, the detailed
mechanistic studies showed that, in this case at least, the CO, is not directly
incorporated in the substrate. Robust isotopic labeling studies showed that the
products of Eq. (6) are obtained through an intermediary reverse water-gas shift
reaction (~-WGSR), which acts as the “upstream” cycle for the subsequent
hydroxycarbonylation mechanism which involves CO and water as reactants.

The two-cycle mechanism reported in Scheme 6 relies on the catalytic compe-
tence of Rh complexes to promote water-gas shift reaction (WGS). Such behavior is
in line with the well-established reactivity of the industrial Monsanto catalyst [Rh
(CO),L,]7, which, beside catalyzing the carbonylation of methanol (its primary
goal), can serve as entry point to water-gas shift activities (see Scheme 7) necessary
to rhodium solubilization in the reaction media [31, 32].
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A Ru—Rh bimetallic catalyst, obtained from Ru3(CO);, and Rh,(OAc), in the
presence of Lil and imidazole ligand, seems to bypass such rtWGS activity and
converts methanol to acetic acid with CO, and H, (Eq. 8) via a proposed direct
hydrocarboxylation route (see Scheme 8) [33]. The proposed cycles involve indeed
a direct CO, insertion in the Rh—-Me bond and subsequent ruthenium-catalyzed
hydrogenation of the ensuing Rh-carboxylate. The roles of Rh-/Ru-based catalysts
are to be assessed also in view of the reported Ru-only hydroformylation/reduction
of alkenes, the hydroxymethylation reaction or the alkoxycarbonylation [34], and
the WGS (and -WGS) ability of Rh centers [30-32].

Regardless of these mechanistic considerations, this capacity of CO, to act as a
CO surrogate (either as an existing intermediate product of the process of just
formally) is emerging as a very timely and productive field, where Rh, alongside
Ru, appears to play a crucial catalytic role [30, 34].

3 Heterogeneous Catalysts

3.1 Methanation

The CO, conversion into methane (known as Sabatier reaction; see Eq. 9) is a well-
known route for the CO, reduction and can be an attractive way to produce
substitute natural gas [8].

CO, + 4H, =2 CH, + 2H,0 9)

Supported metals are well-known catalysts for the methanation of CO, [35-40],
and these included Rh-based catalysts supported over metal oxides such as y-Al,O;
[37-39] and TiO, [37, 40].
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Rhodium supported over y-Al,O5 has been reported to be an active catalyst for
the transformation of CO, into methane even in mild condition (room temperature
and atmospheric pressure) [38], although CO, conversion increases with tempera-
ture [41]. In order to obtain a catalytic active species, the catalyst must be reduced
with H, before the reaction [41], and this reduction leads to an increase of Rh(0)
species present over the surface as measured by XPS technique [39]. Mechanisti-
cally, DRIFTS analysis [39] showed that CO, is dissociated into CO and O over the
Rh surface; this process leads to the formation of two different C-containing species
bonded over the catalyst surface: Rh(I)-(CO), (also called gem-dicarbony]l species)
and Rh(0)-CO. When a pulse of H, is introduced inside the chamber, the peaks of
the gem-dicarbonyl species disappear rapidly; meanwhile, the intensity of the peak
related to the mono-carbonyl species does not change. According to this analysis, it
appears that the oxidation state of the Rh has a predominant role in the catalytic
process. Karelovic and Ruiz [42] prepared and tested different catalysts with
different Rh particles and showed that larger particles are more active than smaller
ones between 135 and 150°C, while at higher temperature, the reaction rate is
independent from the particle size. A similar study was conducted over TiO,-
supported Rh catalysts [40]. For metal particles smaller than 7 nm, the rate of
methane production increases as metal particles size increases; for bigger particles
the rate seems to be independent from the size.

Because of the high cost of the Rh (around 20$/g in 2016) and its lower activity
compared to Ni (which suffers from more rapid deactivation than Rh but costs less
than 0.01$/g), several attempts to improve the catalytic properties of the
Rh/y-Al,O5 system were proposed by coupling this system with other supported
metal species. For instance, the catalytic properties of the Rh(0.3%)/y-Al,O5; were
improved by addition of the (presumably catalytically inactive) Mn (0.5%). Such
catalyst showed the same catalytic properties as the Rh(0.5%)/y-Al,O5 catalyst
[43]. The 1:1 mechanical mixture of the inert Pd(5%)/y-Al,O5 with the active Rh
(2%)/y-Al,O5 possesses higher activity than the Rh-based catalyst alone [44]. This
higher activity is thought to be the result of a synergistic effect between the two
different catalysts: the hydrogenation of strongly activated carbonyl species
adsorbed over Pd surfaces (mostly bridge-bonded CO, at odds with carbonyl
hydride species for Rh-only catalyst) is performed by the H species originated by
the Rh-containing catalyst. An analogous synergistic effect was found by coupling
Rh/y-Al,O5 and Ni-loaded activated carbon (AC) [45]. In this case, the synergistic
effect is due to the high capacity of the Ni/AC system to absorb and activate
hydrogen. The migration of such activated hydrogen species to the Rh surface
reduces the carbonyl species to methane. At the same time, the hydrogen species
keeps the rhodium into a reduced state which is, as already mentioned before, a key
feature in the activity of Rh-based system.

Several metal-promoted mesostructured silica nanoparticles (MSN) have been
tested [46]. Among these, the Rh-containing one showed the best catalytic activity
at 623 K. Differently from the already mentioned metal oxides supports which do
not have any role in the mechanism cycle, the MSN support interacts with the
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species activated by the metal promoter, leading to the formation of bridged
carbonyl, linear carbonyl, and bidentate formate, which are converted into methane.

Rhodium was mentioned among the metals associated with nickel to form
“liquid catalyst” for methanation reaction but was not among the most performing
co-catalysts [47].

3.2 Dry Reforming

A further reaction in which Rh-containing catalysts are widely used is the CO,
reforming of methane (also known as methane dry reforming, MDR, Eq. 10) [5-8,
48].

CO, + CH4 — 2CO + 2H, (10)

The interest that this reaction has been receiving by the scientific community is
justified by the possibility to use this reaction as starting step in the on-site
conversion of natural gas into liquid or gaseous fuels through the syngas interme-
diary [9, 10, 49].

v-Al,O5-supported Rh and Ru were found to be active in the CO, reforming of
methane [50]. The catalytic tests showed that for reaction temperatures higher than
600°C the Rh-containing catalyst outperforms Ru-based ones in terms of both
reactant conversion and deactivation trend. From this first work, different metal
oxides have been tested as support for the Rh in order to understand the effect of the
interaction between metallic sites and support [51, 52]. Catalytic results showed
that irreducible supports (y-Al,03, La,03, MgO, SiO,, and Y,0O3) are more suitable
than the reducible ones (CeO,, Nb,Os, Ta,0s, TiO,, and ZrO,) [52]. Among the
former, y-Al,03, MgO, and La,O; provided stable activities for more than 50 h.
The authors suggested that strong interaction between Rh and the support induces
high stability of the catalytic system. The lower activity of the catalysts having
reducible supports was attributed to the fact that the Rh-metal particles could be
partially covered by islets of partially reduced species leading to a decrease of the
metal surface area.

The effect of the support in the catalytic performance of Rh-containing catalysts
is also significant when Rh is supported with Ni, which is known to have high
activity toward the MDR but suffers from severe deactivation due to carbon
deposition [53]. Rhodium can limit such carbon deposition [54]. In detail, the
bimetallic-loaded boron nitride (BN) showed higher CH, conversion and H, yield
than the analogous y-Al,O5. This enhancement was attributed to the easier forma-
tion of Rh—-Ni clusters over the BN surface than over y-Al,O;. In fact the metal
support affinity is higher for y-Al,Os, and this hinders the formation of such
clusters. The synergic effect between Rh and Ni was also found when the two
metals were supported over NaY-type zeolite [55].
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Rh-containing crystalline materials have been tested in DRM reaction.
Hydrotalcite-derived RhyMg;;Al,g was found to be active in the MDR reaction
without any deactivation during 50 h of reaction [56], and the catalyst does not
show any change of structure at the end of the reaction. More recent approaches
suggested the use of Rh containing pyrochlores [57]. It was showed that replacing
Zr by Rh in low amount (2 and 5% wt.) in the lanthanum zirconate pyrochlore
structure leads to the formation of catalytic active species. In fact, the catalytic
results showed that the unmodified pyrochlore is not able to convert both CO, and
CH,; meanwhile, the conversion of both reactants occurs when the two modified
pyrochlores are used. Moreover, modified catalysts activity increased during the
time: since no preactivation is performed, it was suggested that the reduction of the
catalyst is crucial for their activities.

3.3 Oxygenated Compounds

Oxygenated compounds such as ethanol, acetic acid, and oxalate can be obtained
from CO, using Rh-containing catalysts. The selectivity of CO, reduction with H,
(H,/CO, =3) of Rh/SiO,-based catalyst is strongly affected by the presence of a
metal promoter [58]. While unmodified Rh/SiO, catalyst is highly selective
(99.7%) for methane production, the presence of a promoter can induce the
formation of oxygenated compounds. A screening of 30 different promoters
(in 1:1 Rh/M atomic ratio) showed that four additives (Li, Fe, Sr and Ag) can
give rise to rhodium-catalyzed ethanol production. Among these additives, Li is the
most selective (15.5%, yield 1.0%). The FT-IR study showed that CO, that comes
from the CO, dissociation, is adsorbed over the Rh surface as linear and bridged
species over the surface of both Li-containing and unpromoted Rh/SiO, catalyst.
Nevertheless, the comparison between the relative intensities of the two peaks for
the two different samples showed that over the Li-containing surface, there is a
higher amount of bridged species than over the unmodified Rh/SiO,. The authors
suggest that the higher amount of CO species could hinder the H, adsorption,
leading to a lower methane selectivity of the Li-containing catalyst. Higher selec-
tivity (16.0%) and yield (4.3%) could be reached tuning the operative conditions
and the metal loading of the Fe-containing Rh/SiO, catalyst [59].

Ag-modified Rh/SiO, was found to convert a CO,/H, mixture into different
hydrogenated compounds in low yield, since more than 90% of the fed CO, is
converted into CO. Among the hydrogenated compounds, acetic acid is the most
abundant one at 463 K [60]. Using unpromoted Rh/SiO,, Ding [61] proposed a
different path to convert CO, into acetic acid; it was proposed a stepwise route in
which CHy is used instead of H,.
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4 Electro- and Photocatalysis

Electrochemical CO, reduction is a key technology for the introduction of “green
electrons”, that is, electricity produced from renewable resources in our current
energy infrastructure [62].

Over two decades ago, Rh(IIT) complexes Cp*RhCl(2,2’-phenanthroline) and cis-
[Rh(II)(bpy)>(TFMS),]" (bpy = 2,2'-bipyridine, TMFS = trifluoromethanesulfonate)
were found to be active in the electrochemical conversion of CO, into formate
[63, 64]. One by-product was molecular hydrogen. The faradaic efficiency in
selective CO, reduction is generally a key issue: already in one of these first systems
[63], the catalytic tests showed that the selectivity in formate decreases as the
number of coulomb passed increases, and for hydrogen the trend is the opposite.
The authors suggested that the protons required for both formate and hydrogen
production come from the tetra-n-butylammonium ions of the supporting
electrolyte [63].

Another Rh(III)-containing complex that has been successfully tested is [(n’-
Me;sCps)Rh(bpy)CI]" [64]. This work gave the opportunity to have an insight over
the mechanism for the electrocatalytic cycle (see Scheme 9).

Beside formate, oxalate can also be obtained from another use in [(RhCp*);(p3-
S)2]2+electr0catalyzed reduction of CO, in the presence of LiBF, under controlled
potential electrolysis at —1.50 V in CO,-saturated CH3CN [65].

Following short- and medium-term electrocatalysis deployment, photo-based
catalysis appears as the necessary (longer-term) next step in the forecast deploy-
ment of CDU-based technologies toward more sustainable energy production and
resource consumption [8, 62]. Albeit several major technologic forward leaps are

o

HCO,

Scheme 9 Electrocatalytic conversion of CO, into formate using [(r]S—Me5Cp5)Rh(bpy)Cl]Jr as
electrocatalyst [64]
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necessary to achieve large-scale utilization of photo catalyst, the field already has
decade-old precedents as far as Rh-based systems are concerned. The use of
Rh-based photocatalysts was firstly disclosed in 1994, when Rasko and Solymosi
found that CO, photoactivation is stronger over Rh/TiO, than over the bare oxide,
since the cleavage of a C—O bond was observed only for the test performed over
Rh-loaded TiO, [66]. Such feature is in agreement with the use of Rh/TiO, as
catalyst for the CO, photo-induced reduction reported the same year [67]. The
comparison between TiO, and Rh-loaded TiO, catalytic behavior in the photore-
duction of CO, in water showed that the deposition of Rh on TiO, leads to an
enhancement of the conversion of CO, and to a change of the selectivity. In fact
when the reaction is performed using pure TiO,, formic acid and formaldehyde are
the only products; using Rh-loaded titania catalysts, methanol was also detected.
Eventually, W*°-doped titania and optimized pretreatment, enabled a near-selective
production of methanol [67].

The Rh/TiO, catalyst was also tested in the gas phase reduction of CO, with H,
[68]. The catalytic results showed that both activity and selectivity strongly depend
on the rthodium loading. The 0.5-4% Rh-loading range was investigated, and it was
found that low loading of Rh leads to high conversion of CO, and high selectivity
into CO. On the contrary, high Rh loading suppresses the production of CO, giving
rise to a small CH, production. The X-Ray absorption spectroscopy (XAS) char-
acterization of the different Rh-loaded catalyst showed that rhodium oxidation state
depends on the metal amount: the higher the metal amount the higher the Rh-metal/
Rh-oxide ratio. Comparing the catalytic results and XAS experiments, it was stated
that more the Rh is reduced, the higher the CH,4 selectivity. It was also seen that this
catalyst is mildly affected by deactivation. This slow deactivation was firstly
ascribed to the formation of rhodium carbonyl compounds, but further studies
[69] disproved this hypothesis, since no carbonylic species were detected by IR
tests. Hence, it was suggested that the deactivation is due to the CO reduction into
CH, species, which stay over the Rh/TiO, and could be not detected by IR means.

Recently, it was found that the use of light-harvesting complexes (LHC) enhance
the catalytic activity of Rh-doped TiO, in the aqueous phase reduction of CO,
[70]. In fact, the catalytic results showed that the yields in acetaldehyde and methyl
formate are ten and four times higher, respectively, when the LHC is used. A
Rh-containing species (Rh; 3,Crq¢s03) has been used as co-catalyst in the CO,
reduction into methanol, while the catalyst is a solid solution of Cu, Ag, In, Zn, and
S [71]. However, the catalytic performances of such couple are lower than those
when the Rh co-catalyst is replaced with RuO,.

Recently, the very same rhodium-based electrocatalysts discovered by the end of
the twentieth century (see Scheme 9) were reported to be active photocatalyst for
the reduction of CO, into formic acid [72]. By careful engineering of the
2,2/-bipyridine moiety, it was possible to enchase this molecular Rh(IIl) arrange-
ments in a solid crystalline scaffold, namely, metal-organic framework MOF
UiO-67 (see Scheme 10). Interestingly, the catalytic behavior of Cp*Rh(bpydc)
Cl, (bpydc = 2,2-bipyridine-5,5'-dicarboxylic acid) in solution and supported in
MOF UiO-67 is similar as demonstrated by the similar TON values (42 and 47 for
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Uio-67 . Cp*Rh@Ui0-67

biphenyl-4 4'-dicarboxylate

OH

Scheme 10 UiO-67 functionalization with the active photocatalytic species: Cp*Rh(bpydc)Cl,
[72]

the unsupported and for the MOF-supported, respectively) [72], thus providing an
example of a Rh-based solid system en route to the artificial leaf objective [73].

5 Conclusion

In conclusion, thodium has a very well-established track record as an early key
player in the catalytic reduction of carbon dioxide. The first examples reported in
molecular chemistry were almost concomitant with that of several Rh-based Wil-
kinson-type catalyst deployments which contributed to several major industrial
milestones; rhodium was indeed a key element in the Monsanto process for acetic
acid production, in the asymmetric hydrogenation in L-DOPA production and is still
very present in the three-way catalytic converter for deNOx activity or in the
asymmetric isomerization en route to menthol [32]. The activation of CO, was
therefore one among of the several landmark achievements for this metal with
many industrial applications.

As a member of the platinum group metals (PGM) cluster, rhodium also suffers
from the same cost issues of its congeners. This aspect explains in part the
subsequent research effort dedicated at its substitution by more accessible and
possibly even more active alternative. Nevertheless, rhodium continues to play a
key role, either because its content has been successfully diluted rather than fully
removed (e.g., Ni-Rh systems) or because it is active in cutting edge applications
where the frontier is more about finding some activity at all, rather than improving
existing ones. Photocatalysis is a paragon of this strategy, since it aims at the blue
sky objective of injecting REN in our current infrastructure. In this area, rhodium-
based catalysts are among the key molecular species. This exemplifies well that
rhodium is still front and center in many crucial field of catalysis, among which
carbon dioxide utilization.
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