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ABSTRACT: Carbon dioxide (CO,), a valuable feedstock, can be
reutilized as a hydrogen carrier by hydrogenating CO, to formic
acid (FA) and releasing hydrogen by FA dehydrogenation in a
reversible manner. Notably, FA is liquid at room temperature and
can be stored and transported considerably more safely than
hydrogen gas. Herein, we extensively reviewed transition-metal-
based molecular catalysts explored for reversible CO, hydro-
genation and FA dehydrogenation. This Review describes different
approaches explored for carbon-neutral hydrogen storage and
release by applying CO, hydrogenation to FA/formate and the
subsequent release of H, by the dehydrogenation of FA over a
wide range of molecular catalysts based on noble and non-noble
metals. Empbhasis is also placed on the specific catalyst-to-substrate
interaction by highlighting the specific role of the catalyst in the
CO, hydrogenation—FA dehydrogenation pathway.

B INTRODUCTION

The exponential growth of the global population has led to an
increased demand for energy, resulting in a significant increase
in the consumption of fossil fuels. Consequently, a substantial
amount of greenhouse gases, including CO,, has been emitted
into the atmosphere. According to the Global Carbon Update
of 2021, annual CO, emissions have surged from 11 billion
tons in the 1960s to 35 billion tons in the 2010s.
Consequently, the atmospheric CO, concentration has also
increased from 317 ppm in 1960 to 424 ppm in 2023. The
escalated CO, content in the atmosphere has catastrophic
effects, including global temperature increases, melting glaciers,
rising sea levels, and ocean acidification (by 30%), which
continued further may disrupt the natural balance. Despite the
negative implications, CO, is a useful and renewable C1 source
that can be used for the production of useful chemicals such as
methanol, formic acid, methane, and others, hence providing
an opportunity to tackle the global issue of rising CO, levels in
the atmosphere.' Notably, the hydrogenation of CO, to formic
acid (FA) has gained more attention, as FA is an essential
organic chemical feedstock with diverse applications in many
fields, including agriculture, pharmaceutical, leather, and textile
industries.” Hence, utilizing CO, as a hydrogen carrier via
hydrogenation resulted in the formation of FA, and further
dehydrogenation of FA generates hydrogen, while the CO,
released is reused to close the carbon cycle. It is worth noting
that the direct hydrogenation of CO, to FA in the gaseous
phase, CO,(g) + H,(g) = HCOOH(l), is thermodynamically
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unfavorable (AG° = 32.8 kJ/mol). However, when CO,
hydrogenation is conducted in an aqueous phase with the
addition of a base or amine, CO,(aq) + H,(aq) + NH;(aq) =
HCOO™(aq) + NH,"(aq), the reaction becomes energetically
favorable (AG® = —35.4 kJ/mol). Nevertheless, the benefit of
the free energy gain to produce FA from H,(aq) and CO,(aq)
is only 4 kJ/mol, suggesting that the equilibrium toward FA is
only slightly favorable. Further, performing catalytic hydro-
genation of CO, under neutral or acidic conditions resulted in
lower activity. Thus, basic conditions are often employed for
the hydrogenation, taking advantage of the stability of a
formate salt being higher than that of FA.?

With the developing strategy of finding an alternate greener
energy source for reducing CO, emissions in the environment,
hydrogen has emerged as a strong contender for a carbon-free
energy carrier, particularly for mobile applications when paired
with proton-exchange membrane fuel cells." However, the
practical use of hydrogen is limited by storage and delivery
issues, which have led to the use of liquid organic hydrogen
carriers (LOHCs) as they are easy to handle, store, and
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Table 1. Molecular Catalysts for Catalytic CO,/(Bi)carbonate Hydrogenation and FA Dehydrogenation

Catalysts CO2/(bi)carbonate hydrogenation FA dehydrogenation Ref.
Substrate pCO:2 Additives Solvent T TON TOF FA Solvent | T(°C) | TON TOF
IpH2 (°Cc) (h™) (mmol) (h™)
(bar)
ph. T o h CO2 35/35 NEts CHsOCHs | 25 2.16 103 10.5 CHsOC 25 - 500 11
N~ x103 Ho
oc_ | | e
Ru- /Ru\
oc”” | S | co
P P
| >~ en
Ph Ph
c-1
@ co % CO2 30/30 NEts CeHe 120 43 - 0.0251 THF-ds 80 - - 12
\ S /
Ru /Mo .
oc “cCo
P“\l F'.,Ph
o " en
C-2
[RuCl,(benzene)], NaHCOs -/80 H20/THF 70 1.11 - 20 H20/DM 60 2.0 - 13
x103 (HCOONa) | F x10°
a0 -
PR CO2 30/50 LiOH 1.75
¢ O
1,2-bis(di i
(dppm)
C-3
[RuCly(mTPPMS),], HCOsNa -/100 - H20 83 - - 1.32 H20 80 1.20 - 14
© (HCOONa) X 10?
©/P\©/502Na
TPPMS
C-4
CO2 70/70 DBU - 100 5.6 - 5 Toluene 100 - - 15(a)
Q\ cl x10°%
|
Nov N
RN
Ph, Il P2
7
CH,
C-5
co CO2 10/30 DBU DMF 120 | 2.0x 1.1 - DMF 90 3.26 2.57 15(b)
H, l Cl 105 108 x105 x10°
e
(BuP™ | P(Bu), (initial)
®
¥
C-6
R/ \ CO2 30/30 NaOH THF 76 1.16 232 20 Dioxane 70 5.0 208 16
o, N R /Hz0 *10° (HCOONa) |  /Hz0 x10°
Ri” P
p” ,l;-\co CO2 30/61 NaOH Dioxane 70 1.08 1.09 Dioxane 68 1.0 250
Ph/|l:h /H20 x10* x103 20 /H20 x103
(HCOONa)
C-7: R= H, R'=HBH;,
C-8: R=Me, R'=C|
Ru(acac)/ CO2 40/40 - Dioxane 70 750 - 9 Dioxane 90 2.0 1.92 17
Ru(Z-IXI_e-aIIyI)(cod) /H20 /H20 x10% x103
PPh,
PPh,
PPh,
(triphos)
AI(OTf);
c-9
N NP CO2 30/30 - DMSO 60 160 - 2.65 DMSO 90 95 202 18(a)
PhP” (initial)
|
Ru-|
¢’/
o
o
_Ré,m
< /lPh,
JPN” N
Cc-10
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Table 1. continued
Catalysts CO2/(bi)carbonate hydrogenation FA dehydrogenation Ref.
Substrate pCO:2 Additives Solvent T TON TOF FA Solvent | T(°C) | TON TOF
IpHz °c) (h) (mmol) (")
(bar)
H~P"P CO2 10/20 - EMIM 25 209 11 13.25 BMIM 80 1.8% 1.1 18(b)
R OAc OAc 107 | =10
N—Rlu—CO
o H
gPr
c-1
N CO2 40/40 KOH H20 200 3.5 7.3 5 ‘BuOH 80 5.0 1.2 19
. /. ITHF x108 x10* ITHF x103 x10°
2 PrP—Ir P'Pr,
H ,',\
I ¥
c-14
—I * CO:2 5/5 KOH H20 80 11 51 - - - - - 20
oH x104 | x10°
2% 9
Ny (Initial)
/Ir{
ca” N7
N~"“oH
C-15
7 * CO2 5/5 KOH H20 80 1.2 1.6 10 H20 60 3.8 1.34 20
on *x10° | %102 x10° | x102
R (Initial) (Initial)
\Rh/N\
e "«,N/l
N-"oH
C-16
—l * CO:2 5/5 KOH H20 80 5.4 92 10 H20 60 3.7 94 20
on x103 | (Initial) x10° | (Initial)
Z(#i g
Ny
\Ru”/
o’ w7
N-"oH
Cc-17
4+ CO2 20/20 KHCO3 H20 50 1.53 1.57 20 H20 80 3.0 1.58 21
NS § —|: x10° | x10¢ x10° | x10°
/ﬁ le//\"E /
o, I i (initial) (initial)
W= NP 4 o-H
H |
NG .
Cc-18
//j CO2 7 K2COs H20 30 >100 6.8 5 H20 25 3.13 1.88 22
<5 X102 | x10°
b (Initial)
s
H
[l e]
c-19
Ho. ki CO2 0.5/0.5 KHCO3 H20 25 7.28 106 20 H20 60 29 5.69 23
YN\ OH x10% | (Initial) x104 x104
N~ (Initial)
B
H=0" Ny
o
C-20
1 * CO2 20/20 NaHCOs3 H20 115 2.4 130 25 H20 60 >3.5 1.2 24
HO. x103 x103 x103
26?‘ 9
Ny
\Ir,/
CI/ NP
X
HO
C-22
/ CO2 17 KOH H20 30 - 58 40 H20 90 3.33 1.0x 25
ON x10° 105
. P~
a> K2COs - - H20 - 58 (Initial)
I N NN
C-25
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Table 1. continued
Catalysts CO2/(bi)carbonate hydrogenation FA dehydrogenation Ref.
Substrate pCO:2 Additives Solvent T TON TOF FA Solvent | T(°C) | TON TOF
IpH2 c) () | (mmol) ()
(bar)
CO2 5/5 KOH H20 80 6.02 - 50 H20 100 3.1 933 26
x103 x102
[eR 0.05/ | NaHCOs Hz0 25 - 198 10 H20 60 - 142 | 27
0.05 x104
C-30
- CO2 0.5/0.5 CsOH MeOH 25 - 29 4 H20 90 23 4.59 28
/& — IH20 X108 | x10*
N ~
\Ir{
e
H MeO =
C-34
el 30/30 KOH Hz0 60 | 1.66 - 6.89 H20 80 | 589 | 7.06 | 29
OB\ x104 x10° | x10*
W (Initial)
r,
o NS
o N (o]
C-35
H NaHCO; | -/55 - MeOH | 150 | 3.04 - 26 |Propylene| 80 | 626 209 | 30(a)
_ x10? carbonate
(‘Bu),P——Ni——P('Bu),
C-36
—|2+ NaHCOs3 -130 CHsOH 80 766 - 5.3x10° |Propylene| 60 6.06x1 1.74 30(b)
fPhz carbonate 0° x10°
Ph"'p,““ wNCMe (Initial)
" Fel
[P/ | “~Ncme
Ph” l\/PPh;
C-37
R CO2 20/60 Lysine H20 115 23 - 5 H20 90 29 - 31(a)
=N Br ITHF x10° ITHF x104
N / -NH
\ N," }P"Pr
HN_ s
\P/M|n\co
Pr co
R = NH-CyHs
C-38
R KHCOs -/60 H20 90 5.5 - 5 H20 90 - - 31(b)
=N Br /THF x10* /THF
N, )T NH
>N | P, K2CO» 60 | Glutamic HO | 90
HN s acid [THF
P/ | ~co
‘zPr co
R =Me
c-39
transport. Among them, FA, which contains a volumetric through inhalation.® Further, selective FA dehydrogenation can
hydrogen content of 4.4 wt %, has attracted significant result in the production of pressurized hydrogen gas and CO,,
attention due to its potential as a highly promising fuel for making it an attractive alternative to hydrogen storage and a
portable devices, vehicles, and various energy-related applica- promising solution for growing energy needs. Recently, a
tions. FA is a desirable choice for LOHCs due to its method for separating high-pressure hydrogen from the H,/
accessibility, comparatively low toxicity, and minimal danger CO, mixture gas produced by the breakdown of FA was
of explosions or other hazardous mishaps. Pure H, gas cannot devised. An appreciably high yield (85%) of pure hydrogen was
be achieved from FA because an equimolar amount of CO, is achieved through the gas—liquid separation process, making
also produced during the process of releasing H,, although this FA a more attractive hydrogen carrier.
does not pose a barrier for the use of fuel cells.” FA (>10%) is Although several homogeneous® and heterogeneous’ cata-
corrosive to skin and eyes, volatile, and at risk of exposure lytic systems have been thoroughly explored, it is essential to
38776 https://doi.org/10.1021/acsomega.3c05286
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Scheme 1. Ruthenium-Based Catalysts C1—C13 Explored for Reversible CO, Hydrogenation and FA Dehydrogenation
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\Fl,/\ll’/Ph [RuCly(benzene)],
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2000, Gao et al. 2003, Man et al. 2011, Boddien et al.
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©/ \©/ h; ||| th |
=
|
TPPMS - CHs -
2011, Papp et al. 2014, Hsu et al. 2014, Filonenko et al.
c-4 c-5 c-6
R Ru(acac);/ N'Pr, H
Ru(2-Me-allyl)(cod) Ph,P” " |1PR2
i ,/l \\\ - SN—RiI—CO
PPh Ru-
p” ’ a’/ )l(
pr | R PPh, 3 3
Ph PPh, 2
(triphos) R/,Cl
-RU
* 2023, Picirilli et al.
2015, Kothandaraman et al. AI(OTf), 0 Iclm teta
C-7:R=H, R'=HBH;,  PPh2 C-11 (R="Pr, X=H)
C-8: R=Me, R'=CI PN N C-12 (R= Pr, X=Cl)
C-13 (R= Ph, X=HBH,)
2018, )gnget al. 2023, Verron et al.

Cc-10

have efficient catalytic systems that can selectively convert CO,
to FA through hydrogenation and then dehydrogenate the FA
to release H, gas to harness the potential of complementary
partners CO, and FA for the cycle of hydrogen storage and
release. Among them, Ru-, Ir-, and Rh-based molecular
catalysts have shown outstanding performance for reversible
H, storage and release over the CO,/FA cycle. This process
offers the potential to create a H, storage/release system that
can be controlled by a pH sw1tch through the interconversion
of CO, to FA and vice versa.” However, the purification of the
gas mixture (H, and CO, in 1:1 molar ratio) produced from
FA is challenging. Recent reports inferred that the separation
of H, from H,/CO, mixed gas can be done by changing the
gas mixture to gas—liquid phase under high-pressure
conditions. Moreover, lowering the temperature enabled better
separation while maintaining the high pressure. Recently,
Iguchi et al. reported a separation method to obtain high-
pressure H, with 85% purity at —51 °C after the gas—liquid
separation process, endorsmg the potential of FA as a
promising hydrogen carrier.'’ Here, in this Review, we briefly
describe a wide range of noble- and non-noble metal-based
catalysts reported for the reversible CO, hydrogenation and
FA dehydrogenation (Table 1).

B NOBLE METAL-BASED MOLECULAR CATALYST

Among the first few examples (Scheme 1), Gao et al. utilized a
binuclear Ru-based catalyst [Ru,(u-CO)(CO),(u-dppm),]

38777

(1,2-bis(diphenylphosphino)methane, dppm) (C-1) for the
interconversion of CO, and FA."" For CO, hydrogenation, the
catalyst C-1 displayed a TON of 1050 (in 9 h) and a TOF of
116 h™" at 38 bar pressure pH,/pCO, (1:1) in acetone at room
temperature in the presence of triethylamine. Further, doubling
the pressure led to a significantly higher formate yield with
TON and TOF values of 2160 and 103 h™", respectively, in 21
h. The catalyst C-1 also demonstrated the ability to
dehydrogenate FA (0.35 M) with a TOF of 500 h™' at room
temperature in acetone. Further, it was observed that
increasing the catalyst amount led to an increase in the rate
of FA dehydrogenation. Conversely, as the concentration of
FA was increased, the rate of the reaction decreased. Notably,
when the reaction was performed under more acidic
conditions, the concentration of free-formate ions decreased
significantly due to the formation of the adduct [(HCO,),H].

Man et al. reported a Ru—Mo-based heterobimetallic [(°-
CsHs)Ru(CO)(u-dppm)Mo(CO),(n>-CsH;)] complex (C-2)
for reversible CO, hydrogenation and FA dehydrogenation.'”
Initially, at pH,/pCO, = 60 atm (1:1) in THF, a TON of 10
was achieved at 120 °C in 45 h. Changing the solvent from
THF to benzene resulted in an increase in the TON to 43 in
the presence of triethylamine. Under analogous catalytic
conditions, the monometallic complexes were found to be
inactive for CO, hydrogenation, which is attributed to the
formation of strong dihydride species. Catalyst C-2 also
exhibited activity for the complete dehydrogenation of FA.

https://doi.org/10.1021/acsomega.3c05286
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Despite the relatively slow rate of FA dehydrogenation,
monitoring the reaction by NMR spectroscopy suggests
some interesting findings. A THF-dy solution containing
catalyst C-2 and FA (25.1 pumol) within a sealed NMR tube
was heated to 80 °C for 2.5 h, resulting in the formation of a
formato complex, as confirmed by NMR.

Boddien et al. utilized a [{RuCl,(benzene)},] precursor and
1,2-bis(diphenylphosphino)methane (dppm) (C-3) for the
catalytic hydrogenation of CO,, carbonate, and bicarbonate in
a basic solution."’ Initially, with 50 bar H, pressure, C-3
exhibited excellent efficiency for the hydrogenation of
NaHCO; and KHCO; (without using CO,) in THF/water
(1:5 v/v), thereby producing 35% sodium formate with a TON
of 807 and 23% potassium formate with a TON of 531 in 2 h
at 70 °C. Moreover, increasing the amount of C-3 by twofold
and extending the reaction time to 20 h resulted in a maximum
TON of 1108. At 80 bar H, pressure, 96% conversion of
NaHCO; to sodium formate (HCOONa) was achieved under
analogous conditions. Furthermore, using CO, along with the
inorganic bases Ca(OH),, Mg(OH), and LiOH led to higher
catalytic activity and enhanced the overall performance of the
catalyst C-3. When LiOH and KOH were used, the conversion
of 76% and 68% CO,, respectively, was observed at pH,/pCO,
= 50:30 bar. Moreover, C-3 also exhibited high activity for
hydrogen production from formate in H,O/DMF (Figure 1),

500 . 7100

) 90

400 80
= 70 2
% 3001 60 g
> 2004 40§
S 30

100 20

10

04 . 0

0 60 120 180 240 300 360 420
time/min

Figure 1. Hydrogen evolution curve and plot of the H, content (red
dots) at 40 °C from a NaHCO,/H,0 mixture using 10 mmol
[{RuCl,(benzene)},]/6 equiv of dppm (C-3) in 20 mL of DMF and
S mL of H,O. Reprinted with permission from ref 13. Copyright 2011
John Wiley and Sons.

where initial TOFs of 2923 and 2592 h™' were achieved at 60
°C with lithium formate and HCOONa, respectively.
Ammonium formate exhibited lower activity with a TOF of
126 h™', while magnesium formate and calcium formate
displayed good H, liberation activities with TOF values of 420
and 770 h™', respectively. Further, investigating the effect of
reaction temperatures on the hydrogen generation from
HCOONa by lowering the reaction temperature to 25 °C
led to a substantial decrease in the reaction rate of
dehydrogenation in THF with a TOF of 19 h™". Complete
dehydrogenation of HCOONa was achieved at 60 °C with a
TON of 2000 in H,O/DMEF. To facilitate the formation of H,,
excess water was used to provide additional protons, resulting
in the selective dehydrogenation of formate. After H, release
from formate, the pH of the reaction medium increases
(basic), as the released CO, was captured in the basic solution

as bicarbonate, which was recovered as a solid after the
reaction.

Papp et al. reported a charging—discharging hydrogen
storage device using a [RuCl,(m-tppms),], catalyst (C-4)
containing a sodium diphenylphosphinobenzene-3-sulfonate
(tppms) ligand."* A TOF of 9600 h™' was observed for the
hydrogenation of bicarbonate at 80 °C under pH, of 60 bar
and pCO, of 35 bar.'** Similarly, the C-4 catalyst also
displayed good activity for the dehydrogenation of sodium
formate at 80 °C with a TON of 120 in 1 h, corresponding to a
47% conversion of formate. Further, the hydrogen storage and
release cycles were performed in a sapphire NMR tube, where
90% conversion of aqueous sodium bicarbonate was observed
at 100 bar H, and 83 °C. However, releasing H, pressure and
heating the formed formate at 83 °C resulted in the
dehydrogenation of formate, and the catalytic cycle was
continued for three consecutive cycles. Moreover, the
decomposition of formate decreased significantly when the
conversion reached approximately 40—50%. As a result, onl{f
half of the H, storage capacity could be effectively utilized."*”

Hsu et al. developed a rechargeable hydrogen battery using
[Ru(Cl)(CH;CN)(PNNP)] [PF4] catalyst (C-5) in the
presence of DBU as base at 70 bar H, at 100 °C in 4 h,
which efficiently reduced CO, to the corresponding DBU salt
with a high TON of 5600.">* Catalyst C-5 also catalyzed the
dehydrogenation of formate salts of DBU at 100 °C. However,
when the reaction temperature was decreased, the formate
dehydrogenation rate also decreased. Notably, using toluene as
the additive increased the rate of formate dehydrogenation,
while pentafluorophenol had a minimal effect. The C-5 based
catalytic system worked well for the five consecutive cyclic
hydrogenation—dehydrogenation processes using dry ice and
DBU, with an initial H, pressure of 70 bar at 100 °C (for
hydrogenation), while heating the resulting solution at 100 °C
resulted in the release of H, gas in the absence of any external
pressure (Figure 2).

Filonenko et al. developed a Ru-PNP pincer catalyst (C-6)
for CO, hydrogenation and FA dehydrogenation (Scheme
2).15 Hydrogenation of CO, was carried out under various
H,/CO, molar ratios with a total pressure of 40 bar. The
reaction exhibited high efficiency when DMF was used as the
solvent along with DBU as the base, where initially, at 40 bar
pH,/pCO, (1:1), a TOF of 36 000 h™" at 65 °C was achieved.
Increasing the H, amount (40 bar, H,/CO, ratio of 3:1)
resulted in an increased TOF of up to 65000 h™'. Further
increasing the temperature to 120 °C led to an increase in
TOF to 1100000 h™'. In DMF, catalyst C-6 also exhibited
excellent stability and the highest reaction rate for FA
dehydrogenation. Notably, the reaction followed first-order
behavior with respect to formate in the presence of DBU. This
suggested that the base promoters actively participate in the
elementary steps of the catalytic reaction. With triethylamine
(Et;N), a maximum TOF of 257 000 h™! and TON of 326 500
was achieved at 90 °C in DMF, suggesting the significant
promotional effect of Et;N on FA dehydrogenation.

They further explored the cyclic CO, hydrogenation and FA
dehydrogenation by employing alternative loading procedures
involving high (40 bar) and low (S bar) pressures (H,/CO,
1:1) in DMF/DBU (6:1 v/v) at 65 °C. They observed
complete hydrogen liberation within an hour, during which the
rate of gas evolution reached its peak, achieving a TOF
exceeding 150 000 h™" (Figure 3). Advantageously, these cyclic
operations were carried out without any need to introduce

https://doi.org/10.1021/acsomega.3c05286
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Scheme 2. Catalytic Pathway for CO, Hydrogenation and
FA Dehydrogenation over Ru-PNP Catalyst C-6“
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additional base between cycles and without catalyst deactiva-
tion throughout the process.

Kothandaraman et al. presented a novel approach for the
reversible hydrogen storage and release system, which relied on
the equilibrium between CO, (HCO;~) and H,, as well as the
formate species.'® This method utilized carefully characterized
and readily accessible Ru-PNP complex-based catalysts. The
system is amine-free, efficient, and reversible, with over 90%
yield in both the hydrogenation and dehydrogenation
directions (Scheme 3). They used the Ru-MACHO-BH
catalyst (C-7) for efficient hydrogenation of CO,, where
MACHO ligands at HN(CH,CH,PR,),, with isopropyl or
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Figure 3. Total gas evolution in the H, storage—release cycles over
the catalyst C-6 in DMF/DBU. Storage was performed at 65 °C
under 40 (dark bars) and S bar (light bars) H,/CO, = 1:1. Release
was performed after decompression of the system at 65 °C followed
by heating to 90 °C (conditions: DMF/DBU = 30:5 mL, 1.42 mmol
catalyst). Reprinted with permission from ref 15b. Copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

phenyl as the R group. Treating hydroxides of Na, K, and Li in
the presence of C-7 at 60 bar pH,/pCO, (1:1) resulted in the
formation of sodium formate (93%), potassium formate
(83%), and lithium formate (80%). Moreover, C-8 also
hydrogenated CO, to yield formate (84%) in the presence of
NaOH with a TON of 10775 and TOF of 1096 h™" in 10 h
using pH,/pCO, (61:20 bar) in 1,4-dioxane/H,O as base at 70
°C. The catalysts C-7 and C-8 also displayed high activity for
the dehydrogenation of sodium formate, with initial TOFs of
286 (at 69 °C) and 430 h™' (at 68 °C), respectively. Further,
initial TOFs of 437 and 290 h™' were observed for lithium
formate and potassium formate dehydrogenation at 70 and 71
°C, respectively, using the catalyst C-7.

The reversibility of the CO, hydrogenation system in the
presence of C-7 was demonstrated by performing the
dehydrogenation of in situ formed formate. The reaction
mixture was initially hydrogenated to formate and then
dehydrogenated to H, and CO, by a pressure swing at
different temperatures. The system showed a continuous
pressure increase during dehydrogenation, indicating the
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Scheme 3. Catalytic CO, Hydrogenation and FA Dehydrogenation Cycle over Ru-PNP Catalyst C-7
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generation of H, and CO, from sodium formate. Notably, solar
thermal energy was used during the hydrogenation and
dehydrogenation steps over the studied catalytic system. The
volumetric storage capacity of this system, 16.4 L of H, per
liter of solution, is comparable to the best reported in the
literature for amine-free pressure swing hydrogen-storage
systems to date. However, in this system, no solvent change
or external pH control was necessary to reverse the reaction, as
the pH change occurs spontaneously. Consecutive reversible
cycles of CO, hydrogenation (charging) and formate
dehydrogenation (discharging) were performed to achieve
the consistent performance of catalyst C-7 without any
significant loss in activity. The release of a CO-free H,/CO,
gas mixture suggests the potential application of the C-7
catalyst in hydrogen batteries and hydrogen fuel cells. The
catalyst C-7 exhibited a cumulative TON of 11 500 during the
six consecutive hydrogenation—dehydrogenation cycles, dem-
onstrating the stability and efliciency of this catalytic system for
hydrogen storage.

Xin et al. also reported the successful application of a Ru-
triphos complex (C-9) combined with Al(OTf); for the
reversible hydrogen storage and release over CO,—FA cycle.'”
To achieve exceptional performance, a Lewis acid, Al(OTf),,
was utilized in a Ru-triphos complex (C-9) catalyst due to its
ability to activate both the substrate and catalyst through a
weak interaction. The process was observed to occur through
two primary pathways: the first pathway involves promoting
the formation of active cationic ruthenium species under acidic
conditions, while the second involves accelerating the cleavage
of polar C—O or C—N bonds through acid—base interactions.
Under the conditions of 40 atm of both H, and CO,, a mixture
of 1,4-dioxane and water as the solvent, and using the catalyst
precursors comprised of 0.1 mol % Ru(acac);, 0.1 mol %
triphos, and 0.25 mol % Al(OTf);, FA was produced with 65%

conversion of CO, and a TON of 750 after 18 h at 70 °C.
Treating NaHCO; with H, (2.8 bar) at 90 °C using the
catalyst precursors comprised of 0.1 mol % Ru(acac),, 0.1 mol
% triphos, and 0.1 mol % Al(OTf); also resulted in the
formation of HCOONa with 86% conversion after 10 h.
Further, under pressure, the catalyst C-9 exhibited stable H,
production from FA and was successfully recycled up to 14
runs with a maximum initial TOF of 1920 h™' and TON up to
20000 (Figure 4). Surprisingly, when Al(OTf); was
introduced, kinetic studies revealed observable acceleration
effects. In the process of FA dehydrogenation, the rate was

Discharge
HCOONa H, + HCO3Na
Charge
120
mm Discharge
1004 mm Charge
.Y
S
2 N0---AI(0TH);
(1] :
= i+
o L,—Ru--CO,
o |
o H
==

R, R' = H, alkyl groups
L, = triphos

2
Cycle

Figure 4. Sodium formate-based rechargeable hydrogen battery in the
presence of C-9 catalyst. Reaction conditions are as follows: Both the
charge and discharge reactions were performed in the sealed pressure
tube using sodium formate (1 mmol), Ru(acac); (1 mol %), triphos
(1 mol %), Al(OTf); (1 mol %), 1 mL of 1,4-dioxane, and 1 of mL
H,O0 at 90 °C. For charge reaction, 70 bar H, was used. Conversions
were determined by *C NMR.
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enhanced twofold (TOF from 550 to 1200 h™) upon the
incorporation of AI(OTf);. In order to understand the
promotion effect of Al(OTf); on the reaction mechanism, in
situ NMR experiments were conducted. These experiments
revealed that aluminum triflate activates both the precatalysts
and FA by enhancing the activity of Ru—H species and
modulating the polarity of the carbonyl group of FA through
direct O—Al interactions, respectively, implying that the
reaction proceed through a different mechanism as in the
previously reported Ru-triphos complexes; no hydride signals
were detected in the presence of organic base (Figure 4).
Various organic solvents as well as mixtures of H,O and
organic solvents were found to be suitable for this reaction.
However, the rate of hydrogen evolution was quite slow in the
absence of sodium formate for FA dehydrogenation. The most
efficient reaction was achieved by maintaining a HCOONa/FA
ratio of 1:9 in the presence of 0.25 mol % Al(OTf); in the
H,O/THF mixture.

Verron et al. reported a dimeric tethered z-coordinated-
phenoxy ruthenium precatalyst (C-10) for reversible CO,
hydrogenation and FA dehydrogenation in DMSO under
base-free condition.'®* They observed higher activity for CO,
hydrogenation at elevated pressure, where a TON of 105 was
achieved at 60 bar pH,/pCO, (1:1) as compared to a TON of
9 at 40 bar pH,/pCO, (1:1) at 60 °C in DMSO. The highest
TON of 160 was achieved at a pressure of 60 bar pH,/pCO,
(1:1) in 65 h. Additionally, exploring the effect of temperature
showed that a higher TON of 114 was observed at 80 °C, but
further increasing the temperature to 90 °C led to a decrease in
the TON to 90, presumably due to reduced catalyst stability at
higher temperatures. Notably, lower activity was observed for
the reaction performed in a mixture of DMSO and water. For
FA dehydrogenation, the catalyst C-10 (0.5 mol %), FA (2.4
M), and DMSO as the solvent were used to achieve a
conversion of 95% with the highest TOF of 202 h™" in 20 min.
Decreasing the catalyst loading to 0.25 mol % resulted in a
high TON of 173 when the reaction time was extended,
thereby highlighting the resilience of both C-10 and the active
catalytic species. Doubling the FA concentration resulted in a
slightly increased activity. Further, the capability of catalyst C-
10 to generate high-pressure H, (up to 42 bar) was
demonstrated, which is sufficient for to supply hydrogen to
proton exchange membrane (PEM) fuel cells. Further, the
catalytic tandem hydrogenation and dehydrogenation process
was investigated in which initially the hydrogenation of CO,
resulted in the formation of FA (0.4 mol L™"). The FA solution
was then subjected to dehydrogenation by heating, where
~94% of the expected gas volume was released within 40 min,
demonstrating the successful base-free hydrogen storage and
release cycle.

Piccirilli et al. explored Ru-PNP pincer complex [Ru(H)-
(X)(CO)(PNP)] (PNP = bis(isopropyl- or phenyl)-
ethylphosphinoamine) in ionic liquids (ILs) for reversible
hydrogen storage and release over CO,/FA system.® Tonic
liquids possess greater advantages, such as low melting point,
negligible vapor pressure, and high thermal and chemical
stability, and act as a good CO, chemisorbents, making the
hydrogenation process successful without the use of any
additive. CO, hydrogenation over [Ru(H),(CO)(‘PrPNP)]
(C-11) in 1-ethyl-3-methyl imiazolium acetate (EMIM OAc)
under 30 bar pH,/pCO, (2:1) resulted in the formation of FA
(65 mol % FA/IL) with >95% conversion of CO, (TON of
209) in 18 h at 25 °C. Further investigation of various reaction

parameters showed that the IL trapped CO, efficiently, as it
became viscous or solid at 25 °C, thereby requiring elevated
partial H, pressure to overcome gas diffusion limitations into
the IL in order to attain the high TON. As a result, 70 and 75
mol % FA/IL were achieved at 30 bar pH,/pCO, (2:1) (with
0.5 mol % catalyst) and pH,/pCO, (1:1) (with 0.2 mol %
catalyst), respectively. On the other hand, 35 mol % FA/IL was
achieved at 40 bar pH,/pCO, (1:1) in the first recharge.
However, upon reloading the system with 40 bar pH,/pCO,
(1:1), the FA yield was increased to 111% and 126% FA/IL
with the second and third recharge, respectively. The FA
space-time yield (STY) of 0.33 mol L™ h™" at 25 °C was
increased to 1.03 mol L™! h™! at 80 °C. Moreover, the TON of
18 886 in 18 h at 80 °C further increased to 32 411 with the
increase in pressure to 60 bar pH,/pCO, (1:1). In order to
perform the cyclic CO, hydrogenation and FA dehydrogen-
ation, it was found that the equilibrium within the catalytic
system could be influenced to favor either hydrogenation or
dehydrogenation by controlling the pressure or temperature
(Figure 5). When a temperature >60 °C was applied to a

C-11, EMIM OAc o
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H™ "OH
I Hydrogenation
Il Dehydrogenation
80
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=
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Q
®
E
o
L
20 -
04
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Figure S. Cycles were applied to CO, hydrogenation experiments
followed by hydrogen release. Reaction conditions are as follows: C-
11 (0.07 mmol) and EMIM OAc (2 mL). For hydrogenation, 10:20
bar CO,/H, was used at 25 °C for 18 h (red bars) or 72 h (lighter
bars). For dehydrogenation, the reaction was performed at 95 °C for
4 h. Reprinted with permission from ref 18b. Copyright 2023
American Chemical Society.

mixture of FA/IL, a gas mixture containing CO, and H, (1:1
v/v) was released. This controlled process performed using C-
11 catalyst (0.0013 M) in EMIM OAc led to a remarkable
TON of 51761 after 10 cycles. Similarly, the hydrogenation
step was carried out at 25 °C over 18 or 72 cycles using 30 bar
pH,/pCO, (2:1). Subsequently, heating to 95 °C for 4 h
favored the release of H, gas. Both C-11 and [Ru(H)(Cl)-
(CO)('PrPNP)] (C-12) catalysts were found to be active for
more than 13 cycles with no discernible signs of catalyst
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Scheme 4. Ir/Rh/Ru-Based Catalysts C-14—C-35 Explored For Reversible CO, Hydrogenation and FA Dehydrogenation
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deactivation. With C-11 (0.07 mmol, 0.035 M), each
hydrogenation step reached a saturation point at around 70
mol % FA/IL, whereas lower concentrations of C-12 (0.05
mmol, 0.025 M) resulted in even higher FA/IL molar ratios
(>100 mol %), leading to an overall TON of 7739 after 13
charge—discharge cycles with the detection of the traceable
amount of CO. For FA dehydrogenation performed at
temperatures below 100 °C with [Ru(H)(BH,)(CO)-
(PhPNP)] (C-13) in 1-butyl-3-methyl imiazolium acetate
(EMIM OAc), a high TOF (11000 h™') and TON (up to
18000,000) were achieved after 112 days, inferring the
excellent stability of the studied catalyst. Moreover, all these
catalysts (C-11, C-12, and C-13) were extremely reliant on the
rate of FA addition, where a FA/IL ratio of >3600 was
required to achieve high turnover.

Tanaka et al. demonstrated an Ir-PNP-trihydride (C-14) as
the most effective catalytic system for CO, hydrogenation and
FA dehydrogenation (Scheme 4), where the studied catalytic
process was tuned to achieve reversibility by employing a base,
triethanolamine.'® Further studies showed that the strength of
the base used and the pressure of H, and CO, play crucial
roles in achieving higher catalytic activity. The catalyst C-14
(0.010 umol) works well in an aqueous KOH solution in the
presence of THF at 120 °C with 80 bar pH,/pCO, (1:1),
achieving 94% formate yield with a TON of 470 000.
Decreasing the catalyst amount by ten times resulted in an
increased TON of 3500000 and a TOF of 73000 h™". A
further increase in the base concentration led to a lower
formate yield, while an enhanced -catalytic activity was
observed when a more polar solvent was used. DFT studies
revealed two pathways for CO, hydrogenation: the deproto-

38782

nation step and the hydrogenolysis step as the rate-determining
steps.” Further, for the dehydrogenation of FA or formate, a
TON of 890 was achieved over catalyst C-14. Catalytic activity
was greatly enhanced when triethylammonium formate was
employed, with the initial TOF of 120000 h™' at 80 °C.
Performing FA dehydrogenation in ‘BuOH in the presence of
Et;N resulted in complete dehydrogenation of FA with a TON
of 5000 at 80 °C.

Himeda el al. explored 4,4’-dihydroxy-2,2’-bipyridine (4,4'-
dhbp) ligated Cp*Ir (C-15), Cp*Rh (C-16), and (°-CsMes)
Ru (C-17) catalysts for CO, hydrogenation, while the C-16
and C-17 catalysts were only explored for FA dehydrogen-
ation.”® CO, hydrogenation was performed at 80 °C in 1 M
KOH solution at 10 bar pH,/pCO, (1:1) to achieve initial
TOFs of 160 and 92 h™ and TONs of 1200 and 5400,
respectively, for C-16 and C-17. On the other hand, C-1§
exhibited the highest catalytic activity with an initial TOF of
5100 h™" and a TON of 11 000. Moreover, Cp*Rh (C-16) and
(7°-C¢Meg)Ru (C-17) catalysts were also explored for FA
dehydrogenation to achieve moderate to poor catalytic activity
(initial TOF values of 1340 h™" and 94 h™!, respectively) at 60
°C. The significant catalytic activity was attributed to the
electronic effect of oxyanions produced through the deproto-
nation of the —OH groups in the 4,4’-dhbp ligand.

Hull et al. also explored a proton-switchable Cp*Ir binuclear
catalyst (C-18) for both CO, hydrogenation and FA
dehydrogenation in aqueous medium.”' Initially, at pH,/
pCO, =1 bar (1:1), a TON of 7200 and an initial TOF of 64
h™! with the formation of 0.36 M formate were achieved at 25
°C. Upon the addition of 2 M KHCOj,, the formate yield was
increased to 0.56 M, with an initial TOF of 70 h™'. Further, by
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increasing the temperature to 50 °C, an impressive TON of
153000 under 40 bar pH,/pCO, (1:1) was achieved, and a
TOF of 53 800 h™' was achieved at 80 °C under 50 bar pH,/
pCO, (1:1). The FA dehydrogenation performed under acidic
conditions revealed that the catalyst C-18 underwent
intermediate protonation at pH 3.5 to release H,/CO, (1:1)
from an aqueous mixture of FA and HCOONa with an
impressive initial TOF of 228 000 h™' at 90 °C and a TON of
308 000 at 80 °C. Notably, the —OH groups of bipyrimidine
ligand were found to have a more pronounced impact on CO,
hydrogenation as compared to that on FA dehydrogenation.
The reversible hydrogen storage over catalyst C-18 was
achieved by tuning the pH of the reaction. The catalyst C-
18 catalyzed the hydrogenation of 2 M KHCO; under a
constant gas flow of 10 bar pH,/pCO, (1:1) to yield 0.48 M
formate after 136 h at room temperature. After completion of
the reaction, the solution was cooled and the pH was adjusted
to 1.7 using H,SO, (4 M) to protonate the catalyst. Further
heating the solution in a glass autoclave to 50 °C generated H,
gas by the dehydrogenation of formate. The cycle was repeated
further by adjusting the pH for the hydrogenation of KHCO;.
The pH-responsive —OH moieties of the bipyrimidine ligand
in C-18 were responsible for showing the on and off H, storage
properties. As a result, the system was recycled without catalyst
isolation prior to use. Based on the free energy calculation,
which was found to be consistent with the experimental data,
the plausible reaction mechanism is proposed as follows:
Initially, H, activation over the Cp*Ir catalyst forms Ir—H
species (AG® = —0.58 kcal mol™), followed by the CO,
insertion into the Ir—H species (AG® = +8.4 kcal mol™).
Finally, the formate formed was released with the regeneration
of the Ir—H species (AG® = —9.4 kcal mol™) (Scheme 5).
Therefore, the net free energy of the CO, hydrogenation
reaction was found to be —1.6 kcal mol™".

Maenaka et al. reported a Cp*Ir catalyst (C-19) based on a
[C,N]-cyclometalated pyrazole benzoic acid ligand for FA
dehydrogenation and CO, hydrogenation by controlling the
pH of the reaction mixture under ambient temperature and
pressure.”” For the bicarbonate hydrogenation to formate,
initially reactions were carried out by bubbling CO, in 0.1 M
K,CO; solution for 1 h at 30 °C, followed by H, and CO,
bubbling (1:1 v/v) under ambient pressure and temperature at
pH 7.5. As a result, formate was formed with good yields, with
TOFs of 6.8 and 22.1 h™" at 30 and 60 °C, respectively, in
H,O. It was found that at pH 8.8 the TOF reached its
maximum value, and further increasing the pH led to a drop in
the TOF. The catalyst C-19 was found to effectively
hydrogenate bicarbonate over carbonate. Hence, at pH 8.8, it
was observed that the TOF increases linearly as the
temperature and bicarbonate concentration both increase .
The catalytic steps for the bicarbonate hydrogenation by H,
were monitored by UV—visible spectroscopy, where the Ir—H
species (A, = 340 nm) followed by the formato species (4,
= 430 nm) were formed by the interaction of Ir—H and
bicarbonate. The catalytic pathway for the interconversion
between H, and FA involves two catalytic cycles: one in
slightly basic water and the other in acidic solution. The
hydrogenation process was performed in slightly basic water,
where the initial formation of hydrido species was charac-
terized by 'H NMR spectrum, mass, and UV—vis absorption
spectrum. The interaction with HCO;™ leads to the formation
of a formato species, which is subsequently released as

Scheme S. Catalytic Pathway for CO, Hydrogenation and
FA Dehydrogenation over the Cp*Ir Catalyst C-18¢

HCOO , +H* co, co,

-HCOO, -H"

“Reprinted with permission from ref 21. Copyright 2012 Springer
Nature Limited.

HCOO™. This process allows the regeneration of hydrido
species, enabling the catalytic cycle to continue.

The catalyst C-19 also catalyzed the FA dehydrogenation to
H, and CO, (1:1 molar ratio) in acidic water, where a
maximum TOF of 1880 h™' was achieved at pH 2.8 at 25 °C.
An increasing trend in TOF was observed with decreasing pH
in the range from 9.0 to 2.8. Further decreases in pH below 2.8
resulted in the deactivation of the catalyst. This implies that C-
19 has a higher catalytic reactivity than the benzoate analogue
(C-19A), which did not produce any hydrogen at pH 9.0
where C-19 was fully converted to C-19A and (benzoate
analogue with Ru-hydroxo) C-19B at 298 K. The rate-
determining step (rds) in the catalytic FA dehydrogenation
was suggested to be the f-hydrogen elimination of the Cp*Ir
formato species (C-19C) to form the Cp*Ir hydrido species
(C-19D), particularly at lower pH, due to the relatively high
concentration of protons (Scheme 6). The kinetic deuterium
isotope effect (KIE) for the dehydrogenation from deuterated
FA (DCOOH) was investigated, and a KIE value of 4.0 was
obtained at pH 2.8 and 25 °C. The catalytic activity of C-19
increased linearly with increasing catalyst concentration,
indicating its involvement in the rds of the catalytic FA
dehydrogenation reaction. Furthermore, the reaction of
formate with C-19E at pH 8.0 resulted in the formation of
the hydrido species C-19F via formato C-19E. Under pH
greater than 8.0, hydrido species C-19F, observed for the
reaction of C-19A with FA, could not facilitate the proton-
assisted production of H, due to the lower concentration of
protons.
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Scheme 6. CO, Hydrogenation and FA Dehydrogenation Catalyzed by Cp*Ir Catalyst C-19°
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Slightly basic conditions

Wang et al. reported new pyridylimidazoline-based Cp*Ir
catalysts, bearing two hydroxyl groups (C-20) and two
methoxy groups (C-21) on the pyridyl moiety of the ligand,
for CO, hydrogenation and FA dehydrogenation in water.”
The catalyst C-20 demonstrated an initial TOF of 2600 h™" for
CO, hydrogenation in a KHCO; (2 M) solution using 10 bar
pH,/pCO, (1:1) at SO °C. The catalyst C-20 bearing —OH
groups exhibited superior catalytic activity to the catalyst C-21
bearing —OMe groups. At the same time, the effect of the
substituent on the ortho, meta, and para positions played a vital
role in achieving a higher TON. As a result, catalyst C-20
possessing two hydroxyl groups on positions ortho and para to
the pyridine nitrogen performed exceptionally well, where a
maximum TON of 7280 with 0.182 M formate yield was
achieved after 336 h in the presence of NaOH (1 M) under 1
bar pH,/pCO, (1:1) at 25 °C. However, a higher formate yield
(0.591 M) was achieved while 2 M KHCO; was used under
the same reaction conditions. Notably, catalysts C-20 and C-
21 also exhibited higher activity for the dehydrogenation of FA
in water at 60 °C. Results suggested that catalyst C-21
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exhibited a maximum TOF of 19400 h™' at pH 1.7 but
decreased activity at higher pH. Conversely, catalyst C-20
(—OH group) displayed significantly increased catalytic
activity at pH 3.0, with a maximum TOF of 56900 h™* and
TON of 29000.

Siek et al. reported a comparative study on Cp*Ir (C-22)
and (p-cymene)Ru (C-23) bearing proton-responsive dihy-
droxybipyridine (6,6'-dhbp) based ligands for CO, hydro-
genation and FA dehydrogenation.”* The catalysts [Cp*IrCl-
(6,6'-dhbp) JOTf (C-22) and [(p-cymene)RuCl(6,6'-dhbp)]-
OTf (C-23) were explored for CO, hydrogenation in the
presence of NaHCO; (1 M) under 300 psi pH,/pCO, (1:1),
resulting in TON’s of 2400 and 2270 and TOFs of 130 and 126
h™', respectively, in 18 h at 115 °C. Ruthenium complexes
being less active compared to iridium complexes led to the
variation in the catalytic activity. The DFT study revealed that
the enhanced catalytic performance of C-22 and C-23 was
attributed to the secondary coordination sphere effect that aids
the proton-responsive nature of hydroxy groups to form more
electron-donating oxyanions during the catalytic reaction
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Scheme 7. Iridium Metal-Based Catalysts C-28—C-33 Explored for Reversible CO, Hydrogenation and FA Dehydrogenation
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under basic conditions, thereby activating CO, for hydro-
genation. Among the catalysts explored, C-22 demonstrated
good activity for FA (1.02 M) dehydrogenation, yielding a
TON of 3500 and a TOF of 1200 h™' at 60 °C for 3 h. In
contrast, C-23 resulted in considerably lower TON (45) and
TOF (15 h™') under analogous reaction conditions.
Furthermore, investigations involving the catalyst bearing
dimethoxybipyridine (dmbp) [Cp*IrCl(6,6’-dmbp)]OTf (C-
24) were conducted; all other reaction conditions were kept
constant while employing an incredibly low catalyst loading
(0.0028 mol %). Remarkably, this adjustment resulted in a
TOF approximately 2.8X higher (~3300 h™"), coupled with a
FA conversion of 29% at 3 h, and achieved a TON of 33 000
after 24 h. Initially, a 10-fold increase in the TOF was
anticipated upon reducing the catalyst loading. However, it
became apparent that at such low catalyst loading the reaction
progressed at a slower pace, potentially due to the saturation of
all available catalyst sites or interference from catalyst
decomposition.

Semwal et al. reported a hybrid NHC carbene ligand-based
Cp*Ir catalyst (C-25) for CO, hydrogenation at ambient
pressure and FA dehydrogenation at low temperature.”> They
demonstrated the hydrogenation of CO, to formate using 1
atm of CO, and H, at 30 °C to obtain a TOF of 44 h™!, where
initially they bubbled CO, (70 mL/min) into an aqueous
KOH (1 M) solution of C-25 ,followed by passing CO, and H,
with a rate of 70 mL/min simultaneously for an extra hour at
30 °C. Reducing the catalyst amount resulted in an increase in
the TOF value to 58 h™'. According to the plausible catalytic
cycle, C-25 cleaves H, to produce Ir—H species in basic
conditions at a pH of ~8.5, where Ir—H species hydrogenated
CO, (or bicarbonate) to produce HCO,  and subsequently
the Ir-formato species. Further, when the Ir-formato species
was treated with KOH, formate was released with the
regeneration of the active form of catalyst C-25. In the
dehydrogenation process, using C-25 as the catalyst in a 5:2
mixture of HCO,H and NEt; at 90 °C resulted in a TOF of
58000 h™" in 2 min (pH 3.7). Carrying out further reactions in
a larger volume (4.5 mL) under analogous reaction conditions
resulted in an increased TOF value of 96 000 h™!. Further, in a
multiple-charging experiment, the highest TOF of 100 000 h!
was achieved at 90 °C (pH 4.4) using a 1 M FA/HCOONa
solution. Hence, C-25 was found to be active for both H,-
storage and release processes using the CO,/FA system. The
observed activity was attributed to the imidazolylidene-based
abnormal NHC ligand, a proton-responsive ligand framework
enabling protonation during the dehydrogenation process.
This was facilitated by the proton transfer and strong o-
donating ability of the abnormal NHC backbone for the
enhanced electron density required during hydrogenation/

dehydrogenation steps. Additionally, the robust bonding
between iridium and the abnormal NHC ligand ensures
structural stability.

Fidalgo et al. developed Cp*Ir (C-26) and Cp*Rh (C-27)
catalysts bearing an 8-aminoquinoline ligand for the catalytic
CO, hydrogenation and FA dehydrogenation.* Initially, CO,
hydrogenation was performed in an aqueous KOH solution
under 10 bar pH,/pCO, (1:1) at 80 °C for 8 h, where TONs
of 6021 and 5991 was achieved in the presence of C-26 and C-
27, respectively. Further, when the time and temperature were
decreased to 3 h and 40 °C, respectively, the TON slightly
decreased to 5662 in the case of C-26 and no formate yield
was observed in the case of C-27, implying that the Cp*Ir
complex (C-26) is more active than the Cp*Rh complex (C-
27). Similarly, FA dehydrogenation reactions were performed
with Cp*Ir (C-26) and Cp*Rh (C-27) catalysts in water. At
an initial pH of 4.5, the C-26 (0.04 mol %) catalyst achieved a
TON of 3109 and the C-27 (0.04 mol %) catalyst achieved a
TON of 2109 when a mixture of FA/HCOONa (1:2) was
refluxed at 100 °C in water. Additionally, the presence of the
umpolung process was inferred when D,0 was used instead of
H,O where the interaction of D* with the Ir—H group takes
place, resulting in the formation of [Cp*Ir(HD)-(8-amino-
quinoline)]**. Further, the mechanistic study revealed that the
coordination of the NH, group to the metal center had a
positive effect on the reaction by assisting the proton transfer
to the Ir-hydrido group.

Later, Kanega et al. reported Cp*Ir catalysts (C-28—C-33)
containing deprotonated pyridylamide-based ligands for CO,
hydrogenation and FA dehydrogenation (Scheme 7).”” They
proposed that the higher catalytic activity of these catalysts for
CO, hydrogenation and FA dehydrogenation was due the
strong capability of the coordinated anionic nitrogen atom for
electron donation and the proton-responsive nature of the OH
group close to the metal center. First, CO, hydrogenation was
investigated using Cp*Ir catalysts with varying pyridylamide
ligands under a 1:1 ratio of pH,/pCO, (1.0 MPa) with 1 M
NaHCO; at 50 °C at pH of 82. Among them, Cp*Ir
containing a picolinamidate catalyst (C-28) exhibited a TOF
of 1230 h™', ascribed to the formation of anionic species and
distribution of electron density on the coordinated N atom.
Further, the Cp*Ir catalyst (C-30) having OH groups at the
ortho positions of the pyridine ring of C-29 significantly
enhanced the catalytic activity by exhibiting the highest TOF
value of 3140 h™". The Cp*Ir catalyst with an imidazoline-
based ligand (C-31) exhibited a high TOF of 2080 h™". On the
other hand, when CO, hydrogenation was performed at 25 °C
using 1.0 M NaHCO; using 0.1 MPa pH,/pCO, (1:1) at pH
8.2, C-30 exhibited the highest TOF of 198 h™'. The catalyst
C-30 was also found to be durable, exhibiting a TON of 655
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Scheme 8. Catalytic CO, Hydrogenation and FA Dehydrogenation over the Catalyst C-34“
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after 3 days. On the other hand, C-32 having para-substituted
OH on the pyridyl group exhibited the highest TON (14700)
and formate concentration (0.643 M). For FA dehydrogen-
ation, the Cp*Ir catalyst having an N-phenyl-picolinamidate
ligand without an OH group (C-29) showed a TOF of 11 800
h™" at 60 °C at pH 3.5. The catalyst activity trend observed for
CO, hydrogenation was not followed for FA dehydrogenation,
which was attributed to the stability of catalysts in acidic
conditions. However, introducing phenyl groups on the amido-
N significantly improved the activity of the catalysts (TOF =
61700 h™! over C-29) in a 1 M FA/HCOONa (9:1) solution.
Cp*Ir catalysts with hydroxyl (OH) groups on the pyridine
ring (C-32 and C-30) could not show any significant
improvement in the catalytic activity. Among imidazole-,
imidazoline-, and pyrazole-based Cp*Ir catalysts, the imida-
zole-based Cp*Ir catalyst (C-33) exhibited a TOF of 30 100
h™". Overall, the FA dehydrogenation rates were pH-depend-
ent, and the durability of some of the catalysts in 1 M FA
solutions was found to be low. After evaluating a set of
catalysts, the authors analyzed the pH dependence of their
catalytic activities in FA dehydrogenation. Substitutions on the
amide-N were found to have a stronger impact on the pH-
dependence and catalytic activity than OH groups substituted
on the pyridine rings. Among the catalysts explored, C-29
showed increased activity with increasing FA concentration
and achieved complete conversion of FA at 6 M. The rate of
gas release was stable, and the TOF reached 11 800 h™" in an 8
M FA/HCOONa (9:1) solution at 60 °C. The durability of C-
29 was also found to be higher, where almost complete
consumption of FA and release of 51 L of mixed gases were
observed in 100 h. The kinetic isotopic effect (KIE) results
inferred that DCOOD exerted a greater effect than D,0, and
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hence the f-hydride elimination step to produce Ir—H and
CO, is the rate-determining step.

Mo et al. developed a Cp*Ir catalyst based on a proton-
responsive NAN pyridyl pyrrole ligand [Cp*Ir(NAN X)]™
(Cp* = pentamethylcyclopentadiene; X = Cl, n = 0; X = H,0,
n = 1) for reversible CO, hydrogenation and FA dehydrogen-
ation.”® The catalyst C-34 exhibited exceptional performance
for CO, hydrogenation in an aqueous solution at ambient 1
bar pH,/pCO, (1:1) at 25 °C, with a TOF of 4.5 h™". The
TOF significantly increased to 29 h™' when MeOH/H,0
(1.5:1) was used to enhance the catalyst solubility and
reactivity. The outstanding catalytic performance of C-34 can
be attributed to several factors, primarily the cooperative effect
of the metal—ligand system, particularly the pyrrole group in
the complex. The pyrrole group facilitates cooperative
heterolytic H—H bond cleavage during CO, hydrogenation
and accepts a proton in FA dehydrogenation (Scheme 8).
Initially, the CsOH base was employed for hydrogenation, as it
generates bicarbonate in situ during the catalytic process.
Exploring other carbonate and bicarbonate bases results in the
formation of formate, even in the absence of CO,.
Furthermore, the catalyst could not catalyze the hydrogenation
of CO, in the presence of weak bases (NH; DBU, and
TEOA). The reversible H, storage capability of the catalyst
could be controlled by tuning the reaction pH. The pyrrole
group, sensitive to protons, acquires a proton from H,O and
loses one to OH", as the water bridge serves as a proton
channel. The catalyst C-34 also demonstrated good catalytic
activity for additive-free FA dehydrogenation, achieving a
maximum TOF of 45900 h™" at 90 °C in water compared to
that observed in neat FA. A catalytic dinuclear hydride
intermediate was proposed to be involved in the catalytic FA
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dehydrogenation. The cooperative effect of the ligand and the
Ir metal in the catalyst C-34 contributed to the observed high
catalytic performance, where during FA dehydrogenation the
pyrrole group accepts a proton from FA. At the same time,
during CO, hydrogenation, pyrrole assists in the cooperative
heterolytic cleavage of H—H bond. The pH of the reaction
played a crucial role, where the pH was tuned by the FA/
HCOONa ratio in the FA dehydrogenation reaction, with fixed
concentrations of FA and HCOONa at 2 M. At a pH of 1.81,
higher activity was observed for FA dehydrogenation,
achieving a maximum TOF of 45900 h™'. Further increasing
the pH resulted in a decreased catalytic activity, while the
reaction rate increased at higher reaction temperatures.

Later in 2022, Maji et al. further explored a NHC-based
Cp*Ir catalyst (C-35) for CO, hydrogenation and FA
dehydro§enation in water in the absence of additives or
solvents.”” The catalyst C-3$ exhibited a high TON of 16680
using 60 bar pH,/pCO, (1:1) at 60 °C in 6 h. The observed
prominent catalytic activity was attributed to the presence of
the RN—C(=0) group, the o-donor property of the NHC
ligand, and the facile water solubility of the catalyst C-35. The
pH analysis showed that the pH was initially 9.0 and
subsequently dropped to 7.3, signifying the generation of
bicarbonate as the reaction proceeds. To confirm this, the
reduction of bicarbonate (HCO;™) (KHCO;, S mmol) was
performed without additional CO, gas at 60 °C under 30 bar
H, pressure for 1 h, resulting in a TON of 2100, while a TON
of 3218 was obtained for CO, hydrogenation under analogous
conditions. The catalyst C-35 also exhibited high activity for
FA dehydrogenation, where a TOF of 70674 h™' was obtained
at 80 °C within the first S min of the reaction. They concluded
that the pH of the reaction mixture played a critical role in
both the dehydrogenation and hydrogenation reactions
(Scheme 9). A pH-switchable system for on-demand FA
dehydrogenation was devised, where the pH of the reaction
mixture could be adjusted to control the catalytic activity.
Moreover, the evolved H, and CO, gases from the FA
dehydrogenation reactions were successfully reutilized in the
hydrogenation reaction, indicating the suitability of the C-35
catalytic system for utilizing FA as a typical H,/CO, storage
liquid. Additionally, the dehydrogenation of FA was found to
be highly dependent on the pH of the reaction mixture; the
maximum TON of 3600 h™ was obtained at pH 3.5, while
lower activity was observed at pH 2.75. The CO, released from
the FA dehydrogenation reaction was captured in KOH (1M)
solution to hydrogenate it to formate with a TON of 20 over
catalyst C-35. The authors further reutilized the H, and CO,
gas that evolved from FA dehydrogenation for the hydro-
genation of quinoxaline, resulting in an 88% yield of 1,2,3,4-
tetrahydro quinoxaline at 50 °C in 1 h.

B NON-NOBLE METAL-BASED MOLECULAR
CATALYSTS

Unlike noble metal-based catalysts, non-noble metal-based
molecular catalysts (Scheme 10) are less explored for reversible
CO, hydrogenation and FA dehydrogenation (Table 1).
Enthaler et al. reported a Ni-PCP-hydrido catalyst (C-36)
that effectively catalyzed both FA dehydrogenation and
bicarbonate hydrogenation to formate (Scheme 11).>%* The
hydrogenation of NaHCOj; to sodium formate with TON
3038 was achieved over C-36 at S5 bar H, pressure in
methanol at 150 °C. Notably, the studied Ni-PCP catalyst
demonstrated a reversible catalytic FA dehydrogenation/CO,

Scheme 9. Catalytic Cycle for Reversible CO,
Hydrogenation and FA Dehydrogenation over the Catalyst
C-35¢
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“Reprinted with permission from ref 29. Copyright 2022 American
Chemical Society.

hydrogenation, wherein particularly Ni-PCP-hydrido (C-36)
and Ni-PCP-formato species (C-36A) demonstrated high
activity with TONSs of 626 (for FA dehydrogenation using FA/
NEt;) and 3000 (for NaHCO; hydrogenation), respectively, at
80 °C in propylene carbonate solvent.

Bertini et al. developed an Fe (II) complex (C-37) for both
bicarbonate hydrogenation and FA dehydrogenation. Sodium
bicarbonate hydrogenation over the C-37 catalyst in MeOH
under 60 bar H, yielded 76% formate with a TON of 762 at 80
°C.3% Further, reducing the H, pressure to 30 bar resulted in a
reduced formate yield (71%), albeit with a TON of 766 in 24
h. The authors proposed the Fe-hydrido species (C-37A) as
the key intermediate in the observed catalytic activity, which
utilized the availability of cis positions to undergo catalytic
hydrogenation of bicarbonate via an inner-sphere mechanism
(Scheme 12). On the other hand, FA dehydrogenation was
performed over the in situ generated C-37 species using
[Fe(CH;CN)4](BF,), with tetraphos (tetraphosphine
1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane) in pro-
pylene carbonate under base-free conditions, which resulted in
considerably enhanced catalytic activity with initial TOF of
1737 h™! and a TON of 6061 in 6 h at 60 °C. Unlike
bicarbonate hydrogenation, five-coordinate Fe species domi-
nated the FA dehydrogenation reaction. Notably, the Fe-
hydrido species (C-37A) was also found to pay a crucial role in
the catalytic FA dehydrogenation, where it facilitated the fast
elimination of H, to regenerate the Fe-formato species (C-
37D). The Fe-formato species underwent 7> — n'
coordination shift and rearrangement, followed by f-hydride
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Scheme 10. Non-Noble Metal-Based Catalysts C-36—C-39 Explored for Reversible CO, Hydrogenation and FA
Dehydrogenation
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Scheme 12. Reaction Pathway for the Catalytic Hydrogenation of NaHCO; and FA Dehydrogenation over C37A“
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Scheme 13. Mn-PNP (C-38) Catalyzed CO, Hydrogenation and FA Dehydrogenation”

R /K (THF),

=N

N /)N + L
N ys
(THF)XK/ >\—N, PP
" VAR
2 Mn—=CHO
\
PN
R Pr; co
> R C-38B
—N Br >=N H,
N\>—N/ _Ntlp"P N =N o
PPr / N
AR I A U " >\—N, SPPr
NLLN NC e+ Lysk €0
P co KBr + 2 Lys p~ | ~co Yy
1
Pr2 co Pr; CHO
R= NH-C3H5 C-38A
C-38

HCOOH

“Reprinted with permission from ref 31a. Copyright 2022 Springer Nature Limited.

elimination, to form the Fe-hydrido species (C-37A) (Scheme

12).

Wei et al. employed a Mn-PNP catalyst (C-38) for reversible
CO, hydrogenation and FA dehydrogenation.’’* The Mn-
pincer complex (C-38) hydrogenated CO, to FA (88% yield)
with a TON of 44 000 in the presence of lysine an @-amino
acid using 20 bar CO, and 60 bar H, in H,O/THF (1:1 v/v)
at 145 °C for 12 h. Lowering the reaction temperature to 115
°C resulted in an increase in the formate yield to 92% with a
TON of 230 000. In contrast, other bases and 16 amino acids
exhibited lower formate yields, suggesting the significant role
of lysine in the CO, hydrogenation process. The catalyst C-38
displayed high stability during the recyclability experiment for
10 consecutive runs, where 80% of initial productivity was
retained to achieve a TON of 2050000. Further, the
mechanistic investigation suggested that the addition of
potassium lysine (LysK) to the catalyst resulted in the
formation of a Mn-formyl species (C-38A), a possible
catalytically active species. Further, pressurizing the reaction
with H, (0.5 bar) gas resulted in the formation of Mn-hydrido
species (C-38B) and subsequently the Mn-formato species (C-
38C) with the addition of CO,. For FA dehydrogenation, the
Mn-PNP catalyst (C-38) exhibited good stability and
reusability with high productivity, achieving a TON of
600 000. Further, in the presence of LysK, more than 80%
H, evolution efficiency was achieved. Lowering the reaction
temperature and using amino acids other than lysine resulted
in a lower yield of H,. Moreover, using other organic solvents,
such as 2-methyl-THF, triglyme, and ethanol in FA/LysK
mixtures, an ~88% vyield of H, with more than 99% CO,
retention was obtained because of the remarkable CO, capture
properties of LysK. In order to understand the feasibility of
reusing the catalyst and base, a biphasic solvent system was
used to easily recycle the catalyst C-38 and the organic solvent,
where >89% of the theoretical H, productivity for the FA
dehydrogenation was achieved with a total TON of 676 700.
Through their work, the authors demonstrated the applicability
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of the Mn-PNP (C-38) catalyst for the reversible CO,
hydrogenation and FA dehydrogenation (Scheme 13).

Wei et al. also reported a similar Mn-PNP catalyst with a
methyl substituent (C-39) for the reversible hydrogenation of
bicarbonate and carbonate and dehydrogenation of formate.*'"
Hydrogenation of bicarbonate was performed in H,O/THF
(1:1 v/v) using H, gas (60 bar) at 90 °C to yield formate (95%
yield) with a TON of 55000 in 12 h. Though the catalyst C-39
was not active for the hydrogenation of carbonate, performing
the reaction using glutamic acid (as promotor) enhanced the
activity to produce formate in an 82% vyield, which was
attributed to the CO, capturing properties of glutamic acid.
Along with carbamate species (26%), bicarbonate (51%) and
CO, (16%) were also formed when glutamic acid and K,CO,
were mixed. These findings show that glutamic acid has a
substantial CO, capture impact and that a high yield in the
carbonate-to-formate conversion depends on the synthesis of
carbamate species. Moreover, C-39 also catalyzed the
dehydrogenation of various formate salts (Li*, Na*, NH,,
Cs*, Mg*", and Ca®") resulted in the generation of hydrogen
gas with low purity (67—95%) in the absence of lysine.
However, in the presence of lysine, high yields of H, (>91%)
with high purity (>98%) was achieved. They further
demonstrated the possibility of a stable hydrogen storage
cycle by combining the processes of formate dehydrogenation
and bicarbonate hydrogenation, with hydrogen being gen-
erated in an autoclave and collected using a buret, followed by
hydrogen storage under pressure and repeating the dehydro-
genation process in subsequent cycles.

B FUTURE OUTLOOK

Formic acid (FA) has emerged as a promising hydrogen carrier
for fuel cell applications. Several research groups have
successfully demonstrated FA-based electricity generation,
including the development of model cars and power
generators.” Despite the fact that FA has 4.4 wt % of H,
content, H, produced from FA releases an equimolar amount
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of CO,, which is not considered an environmentally green
process. However, with the development of an efficient CO,-
to-FA conversion process, the cyclic FA dehydrogenation and
CO, hydrogenation process has emerged as promising carbon-
neutral pathway. Although several homogeneous catalysts have
been reported separately for FA dehydrogenation and CO,
hydrogenation, the development of an efficient catalytic system
that can catalyze both FA dehydrogenation and CO,
hydrogenation over the same catalytic system is highly
desirable.>

Catalyst efficiency, energy consumption, scalability, and
overall process economics are still challenges that need to be
addressed for bulk-scale FA dehydrogenation and CO,
hydrogenation. It is supposed that a moderate TOF of
5000—10000 h™' is considered sufficient for onboard
applications.” To improve the economic viability of the
process, there is a need to development of new catalysts that
can provide a maximum TON.! Benchmarking the catalytic
performance is indeed crucial for assessing the potential of a
catalyst. The catalyst should be cost-effective, enabling its
usage for bulk-scale processes. The catalyst must exhibit high
activity and selectivity in producing the desired product,
avoiding other side reactions with unwanted byproducts. It
must also possess high stability and recyclability for long-term
usage. For example, catalysts with proton-responsive ligands
assist in anchoring CO, molecules when they are in close
proximity, thereby activating CO, molecules for hydro-
genation. This can lead to more efficient catalysis, as proton
transfer steps are often rate-limiting. They can assist in the
transfer of protons from FA to the metal center, facilitating the
dehydrogenation process. Further, the reactions can be tuned
(CO, hydrogenation/FA dehydrogenation) by varying the pH
of the reaction conditions. These ligands can help stabilize the
catalyst under varying pH conditions, maintaining its activity
and preventing catalyst deactivation due to harsh reaction
conditions. The concept of utilizing a pH switch to store and
release hydrogen gas is an idea that holds potential advantages
for hydrogen storage systems. However, it is crucial to consider
the hurdles, including the buffering effect. The pH-dependent
system has the potential to enable the controlled storage and
release of hydrogen gas, which is essential for applications
where efficient storage and on-demand release of hydrogen are
required. Additionally, by manipulating the pH of the system,
it might be possible to regulate the rate at which hydrogen is
released, offering flexibility in meeting varying demands for
hydrogen. Additionally, repeated cycles of operation can result
in a buffered pH in the system due to the accumulation of
basic byproducts. This can hinder the storage and release of
hydrogen and might hamper its practical application. There-
fore, additional steps must be taken to recalibrate or reset the
pH, thereby bringing back the effectiveness of the catalytic
system and its ability to rapidly adsorb and release hydrogen.
Using reversible technology for FA dehydrogenation and CO,
hydrogenation, it is possible to make the system environ-
mentally friendly. The process of producing FA from the
hydrogenation of carbon dioxide (CO,) needs to be more
energy efficient. Hence, the development of a catalytic system
that can reversibly accomplish highly effective reactions that
store hydrogen by hydrogenating the medium and extracting
hydrogen by dehydrogenation will be the most crucial
component of hydrogen storage systems.” This step is crucial
for utilizing CO, as a feedstock for hydrogen storage and
reducing carbon emissions. Substantial engineering efforts are

required to assess the potential and limitations of future
improvements in reversible dehydrogenation and hydro-
genation processes. The concept of reversible FA dehydrogen-
ation (producing hydrogen) and CO, hydrogenation (produc-
ing FA) systems holds promise for a sustainable hydrogen
energy future.

Bl CONCLUSION

In this Review, various transition metal-based molecular
catalysts have been extensively discussed for their catalytic
performance for the reversible CO, hydrogenation and FA
dehydrogenation-based H, storage—release cycle. A hydrogen-
on-demand system is made possible by the conversion of
hydrogen and formic acid, in which hydrogen is stored as FA
and is produced through a catalytic breakdown when required.
Reports revealed the crucial role of pH-responsive ligands in
achieving high catalytic activity for reversible CO, hydro-
genation and FA dehydrogenation over the same catalytic
system. For instance, catalysts such as C-11, having ligands
with hydroxy (—OH) groups, exhibited considerably higher
activity compared to those containing methoxy (—OMe)
substituents, owing to both electronic and pendent base effects
of —OH or —O7 in facilitating H, heterolysis. Additionally, the
position of substituents on the pyridine moiety greatly
influenced the initial catalytic rate, with the ortho position
resulting in better hydrogenation activity than the para
position. The best catalytic activity was observed when two
hydroxy (—OH) groups were present at the ortho and para
positions on the pyridine ring. However, replacing the pyridine
moiety with a pyrimidine ring led to a significant decrease in
the catalytic activity, highlighting the impact of the ligand. The
study also introduces a new approach of using an
imidazolylidene-based strongly o-donating abnormal NHC
ligand in conjunction with a proton-responsive ligand frame-
work, which can have dual activity toward the chemical
hydrogen storage/delivery process. Further, due to the metal—
ligand cooperative effect, complexes show extraordinary
catalytic performance. The pyrrole group, which accepts a
proton from FA added in the dehydrogenation reaction, shows
a metal—ligand cooperative effect and in the CO, hydro-
genation assists with cooperative heterolytic H—H bond
cleavage. It is also evident from these reports that, despite
the higher activity of Ir-based catalysts for CO, hydrogenation
and FA dehydrogenation, the development of Ru-based
systems has gained significant attention as a highly active
low-cost substitute for Ir-based catalysts. Several Ru-pincer,
(arene)Ru, and Cp*Ir based catalytic systems have been
extensively explored as potentially active catalytic systems for
achieving reversible CO, hydrogenation and FA dehydrogen-
ation. Moreover, non-noble metal-based molecular catalysts are
also gaining attention.

Overall, these reports suggested that indeed the formic
acid—based system has the potential to significantly contribute
to the future of the hydrogen economy. Establishing a CO,/
FA-based H, storage/release system may have significant
impact on the global effects toward reducing greenhouse gas
emissions and mitigating climate change issues. Further,
(bi)carbonates and formate salts could be the preferred choice
over the conventional carbon dioxide/FA pair for the storage
and handling of hydrogen. Hence, the CO,/(bi)carbonate-
formic acid system lays the foundation for developing a
chemical hydrogen storage and release, utilizing environ-
mentally benign and economical catalysts and solvent systems
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for achieving a carbon-neutral future. It is therefore important
to view the current challenges as opportunities for innovation
and advancement in hydrogen production and storage
technologies. By addressing these challenges, the cyclic FA
dehydrogenation-CO, hydrogenation-based system can be
realized as a more sustainable process for the H, storage and

release in future.™®
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