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Abstract: Commercial use of H) production catalysts requires a repeated use/stop/store and reuse
of the catalyst. Ideally, this cycle should be possible under ambient O,. Herein we exemplify the
concept of Use-Store-Reuse (USR) of a (Ru-phosphine) catalyst in a biphasic catalytic system, for Hp
production via dehydrogenation of HCOOH. The catalytic system can operate uninterrupted for at
least four weeks, including storage and reuse cycles, with negligible loss of its catalytic efficiency.
The catalytic system consisted of a RuP(CH,CH;PPh;); (i.e. RuPP3) in (fri-glyme/water) system,
using KOH as a cocatalyst, to promote HCOOH deprotonation. In a USR cycle of 1 week, followed by
storage for three weeks under ambient air and reuse, the system achieved in total TONs > 90,000 and
TOFs > 4000 h~!. Thus, for the first time, a USR concept with a readily available stable ruthenium
catalyst is presented, operating without any protection from O, or light, and able to retain its catalytic
performance.

Keywords: hydrogen; Use-Store-Reuse (USR); long-term operation (LTO); ruthenium complex;
phosphine ligand

1. Introduction

Nowadays, fossil fuels & natural gas constitute the main sources of energy produc-
tion [1]. Drawbacks regarding these resources relate to cost and environmental impact,
i.e., air pollution and CO; emission [2]. So far, molecular hydrogen (H;) has emerged as a
highly promising alternative towards clean energy production [3,4], due to its high energy
(2.6 higher than gasoline) and storage density (120 MJ kg~!). A strategic advantage of H,
use is that its combustion or fuel-cell utilization produces HyO as a sole byproduct [5,6].
The most promising methods for chemical-storage of H, include liquid organic hydrogen-
carriers (LOHCs) [7], under the condition that they would allow for a cost-efficient release
of Hy i.e., via an efficient catalytic reaction. At present, the most attractive LOHCs include
C1 hydrocarbons such as methanol, formaldehyde, and formic acid [8].

Specifically, Formic Acid (FA), is gaining a lot of attention in the scientific community
as a promising route for Hj storage and release at competitive technology-readiness levels,
i.e.,, under mild P, T conditions, and for its high gravimetric (4.4 wt.%) and volumetric
(53.4 g/L) capacity [9-11].

The decomposition of FA can proceed via two possible paths [12], as described by
Reaction Equations (1). Reaction Equation (1) has to be prevented, i.e., because CO is
poisonous to the fuel-cells. The desired reaction path in Equation (2) is thermodynamically
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allowed, AG® = —32.9 k] /mol at high temperatures, however, is kinetically limited [13],
thus a catalyst is needed to accelerate it.

HCO,H (I) — H,0 (1) + CO (g) AG® = —12.4 kJ /mol 1)

HCO,H (1) — H, (g) + CO; (g) AG® = —32.9 k] /mol @)

Since 1967 when Coffey and his group published on the first Ir/Phosphine catalytic
complex [14], much research works has been reported on dehydrogenation of FA, using ho-
mogeneous catalysts. In 2008, Beller et al. reported an efficient ruthenium catalyst, with the
addition of a base as co-catalytic-additive, achieving TOFs = 301 h~! [15]. Laurenczy et al.,
in 2009, presented a water-soluble (Ru (H,0)4)?* /TPPTS complex, achieving a TOF value
of 444 h~1[16]. In 2016, Huang et al. [17] presented a catalytic (Ru/ PN3-pincer) complex
in DMSO and DMF solvents; using triethylamine (Et;N) and Nap,CO3 as co-catalytic-
additives, this system achieved TOFs of 13,123 h~1 and 31,000 h’l,respectively [17]. A
novel route for the dehydrogenation of formic acid was introduced by Beller et al. [18]
using (Fe(BF,),)-6H,O as metal-precursor and tris((2-diphenylphosphino)ethyl)phosphine
(P(CH,CH,PPhy); or PP3) as a phosphine ligand, achieving TOFs = 1962 h~! in propy-
lene carbonate at 60 °C, without any base additive [18]. Recently, we have exemplified
that SiO; nanoparticles can act as a very efficient co-catalyst for a Fe/(P(CH,CH,PPhy)3)
complex [19]. This heterogeneous system achieved TOFs = 13,882 h~!, which is >10 times
higher than the TOF of the corresponding homogeneous system (TOFs = 1205 h~1), without
the co-catalyst [19].

Despite the encouraging progress in enhancing TOFs of Hy-production catalysts,
the long-term operation of a given catalyst remains a standalone challenge. This will
have to be faced shortly when technology-readiness will require to advance beyond
Hj-production rates towards catalysts’ storage-reuse demands. In 2018, we described
a phenomenon where amines grafted on SiO, nanoparticles, i.e., NH,@SiO, nanohybrids,
provided a significant efficiency/stability boost to a Ru(PP3) catalyst [19]. Specifically,
using (FA:{NH,; grafted on SiO,}) at ratio (500:1) the system Ru(PP3)/NH,@SiO, achieved
TOFs = 510 h~! for uninterrupted operation over >16 h, under a continuous supply of
formic acid [20]. Along the same lines, recently we demonstrated that “double-ligand”
catalysts, e.g., Ru/PP3/Ly and Fe/PP3/Ly together with the NH,@SiO, co-catalytic parti-
cles, were able to operate under a continuous FA feed, achieving remarkable total TONs of
6679 h~! and 11,296 h~!, respectively [21].

Given that most of the catalytic systems suffer from a rather rapid deactivation of
the catalyst and poor long-term stability performance, the development of stable cata-
lysts under long-term applications, i.e., at a commercial level, is an appealing challenge.
Within this context, so far, some efforts have been realized towards the development
of continuous operating systems. This approach had been pioneered by Beller’s group,
who had exemplified a long-term stability (RuCl,(benzene)),/dppe system, i.e., for a
30 h operating time [22]. Using as a base (N,N-dimethyl-n- hexylamine), they have re-
ported a TOF~2000 h~! [22]. Gonsalvi et al. [23] presented a Ru-tetra-phosphine-based
catalytic system with a {meso-1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane} as
ligand, in propylene carbonate solvent. Under a continuous formic acid feed, their system
achieved TOFs = 4600 h~1 at 60 °C after 48 h; however, the system was sensitive to Oy,
thus it required an N; atmosphere [23]. Huang et al. [24] used a water-soluble (Ru/N,N’-
diamine) complex, operating under a continuous FA/HCOONa feed. This system required
high-pressure conditions achieving TOFs = 12,000 h~! after 30 h [24]. A catalytic system
(Ru(H)(CH(CO)(CH3N{CH,CH,P(iPr);}2)) in tri-glyme/water and KOH as a base-additive,
was reported to achieve TOF = 4400 h~! in 6 h under an argon atmosphere [25]. We
underline that, in all the reported previous works, the uninterrupted long-term operation
of the catalyst required operation under a strictly non-ambient atmosphere, i.e., exclusion
of O by an inert gas, to avoid the decomposition of the catalytic complexes [22-24].
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Herein, we present the first example of a Ru-catalytic system that can operate under
long-term conditions under atmospheric O,, schematically depicted in Scheme 1. The
catalytic system comprises of a (Ru-PP3) complex in a tri-glyme/water solution which
contains formic acid partially deprotonated by KOH. As we show herein, this catalytic
system was able to operate for seven sequential days under daily storage and reuse,
followed by a three weeks storage and reuse. Remarkably, the catalytic system was active
after one month showing a decrease of ~10% of its catalytic activity.
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Time = Davs U 2 ~
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m
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Scheme 1. Concept of U.S.R. (i.e., Use-Store-Reuse) technology. The catalytic system is set for Hy-
production at T = 85 °C (Use), stored under ambient P, T, O, (Store), and Reused at T = 85 °C. The
system during the whole operation (weekly and monthly) produced >2 x 10° L of H, per mole of
catalyst.

2. Materials and Methods
2.1. Materials

FA (purity 97.5% with 2.5% H;0), (RuCls (H,O)x) (ruthenium-III chloride hydrate, content
40.0-49.0%, purity 98%), Tris (2-(di-phenyl-phosphine)ethyl)phosphine (P(CH,CH,PPhy)s)
(PP3) (98% purity), were purchased from Sigma Aldrich and kept under Ar atmosphere.
Tri-ethylene glycol dimethyl ether (tri-glyme) solvent and KOH pellets (>85%) were
obtained from Merck.

2.2. Catalytic Procedures

Catalytic activity was evaluated in the same protocols as previous works [20]. In
a typical catalytic experiment, 2 mg (9 umol) of (RuCls-(H;O)x) and 13.4 mg (20 pmol)
of P(CH,CH,PPhy); (PP3).were dissolved in 2 mL tri-glyme solvent. The maximum
incubation time for the formation of (Ru-phosphine) complex was 10 min (mixture 1,
pre-catalyst) [20]. A solution of 2 mL formic acid (48 mmol), 1 mL water, 8 mL tri-glyme,
and 0.55 g KOH (10 mmol) was heated in a glass reactor (mixture 2) at 85 °C for 20 min.
Then, the pre-catalyst solution was added into the reactor (mixture 2) setting the starting
point of the catalytic reaction. The volume of the evolving gas mixture was measured
manually or by an automatic burette setup [20]. In all cases after the addition of (Ru-
phosphine) (pre-catalyst) into mixture 2, the gas evolution was observed immediately.
Quantification of produced gases was realized, directly after the addition of FA, inside an
automatic gas burette at ambient atmosphere. The analysis of H, and CO; was made by a
Shimadzu GC-2014 Gas Chromatograph combined with TCD detector and Carboxen-1000
column [20].
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2.3. Characterization Techniques

Attenuated Total Reflection-FTIR (ATR-FTIR) experiments were recorded in situ, in
the region of 400-2000 cm~! by an Agilent spectrometer including a ZnSe-attenuated total
reflection accessory. Raman measurements were performed with a Xplora one System
Horiba PLUS instrument which employed an argon-ion laser at 532 nm diode as excitation
source, from a range of 540 to 2000 cm~!. A liquid sample from the in-situ experiments
was drop-casted on KBr pellets

3. Results and Discussion
3.1. Operation Mode and Catalytic Data

The set-up of the optimum functional catalytic system used in this work includes
the in situ formation of the (Ru-PP3) pre-catalyst with a molar ratio of (Ru):(PP3) = 1:2
and its addition in a water/tri-glyme (v/v = 1:8) solution, containing 2 mL of FA and 10
mmol of KOH which were added to promote deprotonation of a fraction of HCOOH. The
catalytic systems derived from a molar ratio of (Ru):(PP3) equal to 1:1, 1:3, 1:4, and 1:5
have also been studied and the obtained data are provided in the Supplementary Materials
(See Tables S1 and S2). We should underline that, in the 1:1 ratio, the complex has optimal
activity. In catalysis, the existence of available non-occupied coordination sites is required
in order to be active. To achieve the formation of the active complex 1:1 (Ru/PP3) in situ
in all centers, we have added the second ligand in excess. Screening experiments showed
that the optimum amount of KOH was 10 mmol, i.e., higher concentrations did not affect
the Hy production rate. Gas GC-TCD analysis showed that during the whole catalytic
procedure the only gases produced from FA decomposition were H, and CO; in the ratio
1:1 (Figure S1).

Daily operation: The catalytic procedure for one day was carried out as follows: addition
of (Ru-PP3) (pre-catalyst) into the reactor which contains 2 mL of partially deprotonated
FA at 85 °C, (see Scheme 1), initiated the catalytic reaction followed immediately by gas
evolution. After the added FA was consumed (1ml of FA produces about 1.2 L of total
gasses) another dose of FA (1 mL) was added and the system maintained the gasses’
production. After the addition of 5 sequential doses of FA (each dose 1 mL of FA, total 5 mL
FA), the system was cooled down and kept in ambient conditions, without any protection
against ambient oxygen or daily light.

Weekly operation: To restart the catalytic Hy-production, i.e., next day, it was required
to add only a new dose of FA (1 mL) and to reset the heating at 85 °C. In the same way,
when the added FA was consumed, another dose of FA was added, and so on. After 5
added doses of FA (5 mL) were decomposed towards the production of gasses, the reactor
was cooled down and kept in ambient conditions without any additional care. This process
was carried out for seven sequential days.

Monthly operation: After the catalytic system had accomplished a weekly operation as
described above, it was put in standby mode by cooling, with no FA added, under ambient
P, T, for 3 weeks. Then, a month after the first operation of the catalytic system, a new
dose of FA (1 mL) was added and upon heating at 85 °C the production of gasses started
over again. Then, when the FA was consumed, another dose of FA was introduced into
the reactor and so on, till 5 successive doses of FA had been added. The total volume of
gasses produced from catalytic decomposition of FA by the (Ru/PP3) per day is presented
in Table 1 and Figure 1. Each entry in Table 1 represents an operating day of the catalytic
system. On Entry 1 the catalytic system decomposed in total 5 mL of FA (2 mL at the
beginning, plus three additional doses of 1 mL each), providing in total 5.1 L of gas within
110 min and achieving TONs = 11,468 and TOFs = 6267. During the second operation day
(Entry 2), the same amount of FA (5 mL) was consumed within the same period (110 min),
producing 5.12 L of gasses with TONs = 11,513 and TOFs = 6291 h~!. In the same manner
in Entry 3 and 4, the catalytic system maintained the same reactivity, where the produced
gas volume was 5.18 L in 110 min with TONs = 11,648 and TOFs = 6365 h~land 5.25L
with TONs = 11,806 and TOFs = 6451 h™! correspondingly On the fifth operational day,
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the catalytic system showed slight fatigue, since it required 140 min to consume 5 mL
of FA; however, it produced the same volume of gasses (5.11 L) with analogous TONs
(11,491), but with reduced TOFs = 4931 h~!. For the next two days, the catalytic system
showed an analogous functional profile as ton he 5th day, i.e., 6th day: FA (5 mL), reaction
time (140 min), gas volume (5.1 L), TONs = 11,468, TOFs = 4922 h~1; 7th day: 5 mL of
FA, reaction time (140 min), gas volume (5.2 L), TONs = 11,693, TOFs = 5018 h—1. As
mentioned above, after this operation the catalytic system was left at ambient conditions
for 23 days and the catalytic system was retested for its ability to decompose FA. Thus, it
was observed that it was able to produce 4.5 L of gasses from 5 mL of FA within 240 min
with TONs = 10,119 and TOFs = 2529 h~! (Table 1, Figure 1).From the above description, it
is clearly demonstrated that the catalyst (Ru/PP3) remains unimpaired, showing a steady
activity for a whole week, with gas production of 5.2 L/day, thus 36.0 L in total after a
total operation time of 14.3 h (Figure 1b). At this point, it is underlined that, a month after
the first use of the catalyst, it remained active, producing 4.5 L of gasses, i.e., a decline
of catalytic performance of 13% vs. its initial performance. After the 5th operation day,
the kinetics of H, production showed a slight delay (see Figure 1a). This is reflected in
the rate of gas production that was 70-80 mL/min for the first four operation days, vs.
50 mL/min measured on the 7th day, vs. 30 mL/min after a month (see Figure S2). The
TOFs showed analogous trends i.e., as visualized in Figure 2 which presents the overall
trends of TONs and TOFs values vs. operation days. The data in Figure 2 demonstrate the
long-term stability and durability of the studied system, which accomplished up to 90,000
TONSs. We should underline that a marginal diminution of 13% occurs only in the case
of TOF (manifested by a drop in the catalytic rate). The TONSs indicator remains just the
same. This could be attributed to a minor deactivation of the catalyst, but the exact reason
should be further investigated. Up to this point, the Electron Paramagnetic Resonance data
(Supplementary material, Figure S4, spectrum (iv)) shows no Ru!! oxidation at the end
of the reaction. Moreover, the formation of Ru-carbonyls could be confirmed via Raman
and ATR spectroscopies, something that in our study is excluded. Another less plausible
explanation could be the accumulation of water after the sequential additions of FA (2.5%
(v:v) is contained in the FA stock, as obtained from the supplier). The same phenomenon
was observed in similar studies [26,27].

Table 1. Catalytic data for formic acid (FA) decomposition by (9 umol) of (Ru/PP3) in tri-glyme:water [v/v = 10:1] solution

at 85 °C.
Entry * FA Added (mL) Produced Gas Volume (L) TONs TOFs (h—1) Reaction Time (min)

1 5 5.10 11,468 6267 110
2 5 5.12 11,513 6291 110
3 5 5.18 11,648 6365 110
4 5 5.25 11,806 6451 110
5 5 5.11 11,491 4931 140
6 5 5.10 11,468 4922 140
7 5 5.20 11,693 5018 140
30 5 4.50 10,119 2529 240

* Each Entry represents the operating day of the catalytic system.
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Figure 1. (a) Kinetics of gas production and (b) total gas volume produced every operation’s day. Conditions: (Ru/PP3)
(9 pmol) in tri-glyme:water (v/v = 10 mL:1 mL) solution which contained FA and 10 mmol of KOH at 85 °C.
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Figure 2. TONs and TOFs measured on each operation day. Conditions: (Ru/PP3) (9 umol) in
tri-glyme:water (v/v = 10 mL:1 mL) solution which contained FA and 10 mmol of KOH at 85 °C.

3.2. Spectroscopic Study of Catalysis In Situ

A more detailed study of the catalytic reaction, was realized using in situ ATR, Ra-
man, and EPR spectroscopies. The obtained Raman and ATR spectra are provided in
Figures 3 and 4, respectively, where each one shows the spectrum of (a) tri-glyme solvent,
(b) PP3 ligand, (c) [Ru-PP3] catalyst in tri-glyme, and (d) the full catalytic reaction system
(Ru-PP3)/FA /KOH/tri-glyme:water solution (v/v = 10/1)}.
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Figure 3. Raman spectra of (a) tri-glyme (solvent), (b) phosphine ligand (PP3), (c) (Ru/PP3) catalyst
in tri-glyme and (d) catalytic reaction ([Ru/PP3]/FA/KOH in tri-glyme: water solution).

Figure 4. ATR-FTIR spectra of (a) tri-glyme (solvent), (b) phosphine ligand (PP3), (c) [Ru/PP3]
catalyst in tri-glyme and (d) catalytic reaction ((Ru/PP3)/FA/KOH in tri-glyme: water solution).
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The v(C-C), v(C-O-C), and v(C-O) vibrations in the Raman spectra (see Figure 3a) and
the §(C-OC), v(C-O-C), and v(-CH3) bands in the ATR spectra (see Figure 4a) are attributed
to the tri-glyme solvent. The intense frequency shifting, from 545 cm~! to 461 cm~! (Ru-P
Streching), and from 996 cm ™! to 1002 cm ™! and 1006 cm ™!, (P-C stretching bond) are
attributed to the formation of the catalytic complex (Ru/PP3) (Figure 3c,d respectively).

The formation of the (Ru/PP3) complex and its presence in the catalytic reaction are
affirmed by the ATR data, where the peaks at 468 cm~! and 514 cm™~! in Figure 4c, and
those at 448 cm~! and 520 cm ™! in Figure 4d are attributed to the stretching Ru-P bond.
Moreover, the EPR data confirm the formation of the Ru''l /PP3 complex, (see signal (ii) in
Figure 54). The EPR spectrum is a characteristic S = 1/2 low spin signal which confirms the
oxidation state of Ru'! [20,21]. The addition of the catalyst (Ru/PP3) in tri-glyme/water
solution, which contained HCOO™ anions, i.e., due to HCOOH deprotonated by KOH,
contributes to the diminution of the EPR signal (see spectrum (iii) in Figure 54), while, at
the end of the catalytic reaction, the EPR signal of Rul! dropped to zero (see spectrum (iv)
in Figure 4 Ru'). This is due to the reduction of Ru! to Ru'!, which is EPR silent [21].
At this point, we should mention that when the catalytic reaction was restarted, the EPR
data (signal (v), Figure S4) did not show any oxidized RuHI—speCies, thus confirming the
stability of the formed active Ru'!-catalyst.

When the catalytic reaction was monitored by ATR spectroscopy (see Figure 4d), the
three characteristic bands at 1718, 1650, and 1510 cm ™! are attributed to the stretching of
the C=0 bond of FA, while the band observed at 1517 cm ™! is due to the stretching bond of
the HCOO™ anion. These bonds also refer to the n'-O,CH and 12-O,CH modes of formic
acid coordinated to the metal center [21,28]. According to previous studies [12,18,29], two
possible catalytic cycles could be involved in the dehydrogenation of HCOOH, using a
molecular homogeneous complex. In brief, Cycle-1 initiates with a HCOO™ anion and
one HCOOH molecule, while Cycle-2 start with a HCOO™ anion in addition to a second
formate anion (HCOO™). We should mention that in both cases the involvement of {3-
hydride transfer from substrate to metal is the critical step. Yang, in his computational study,
mentioned that Cycle-2 is less thermodynamically favorable than Cycle-1 [30]. Indeed,
in most of the surveys, it is proposed that the involvement of a HCOO™ anion is more
possible than the insertion of a HCOOH molecule [20,24,31,32].

4. Conclusions

In this work, we present the first example of the USR concept, using a (Ru-PP3) catalyst
in tri-glyme. Raman, ATR, and EPR spectroscopies confirm that an initial key step is a
reduction of (RuM-PP3) to (Rul-PP3) which remained stable during catalysis with the
involvement of FA.

The catalytic system was able to completely decompose five sequential doses of FA
without the need for an additional KOH base. After, the reaction was stopped, stored
(storage) at ambient conditions, and restarted (reuse) at will, with the addition only of a new
amount of FA and reheating. These repetitive use/storage/reuse (USR) cycles occurred for
a whole week, under ambient air, i.e., without any defense against atmospheric O, and
light. During this weekly operation, the catalytic system was completely active achieving
81,090 TONs with TOFs 5670 h~!. To test the system’s stability and durability, we stored
it for an additional three weeks without any protection and the catalytic production was
re-initiated by the addition of formic acid and heating.

Overall, the present work exemplifies the feasibility of the USR technology with a
readily available, easy to handle, catalytic system.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-107
3/14/2/481/sl.
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