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Abstract We straightforwardly synthesized nine different
types of ruthenium nanoparticles by using a series of ruthe-
nium metal precursors and ionic liquids. All the materials
went for XRD, XPS and SAXS analysis, before going to
CO, hydrogenation reaction as catalyst. As per the results,
it was clear that the coordination between anions of ionic
liquids and ruthenium nanoparticles played an important
role with respect to their catalytic performance in CO,
hydrogenation reaction. Surprisingly, less coordinated and
large [DAMI][TfO] mediated ruthenium nanoparticles gave
better results over other developed catalytic systems. Nar-
row size well distributed and stable insitu generated ruthe-
nium nanoparticles were synthesized and found highly
active in terms of formic acid formed during the CO,
hydrogenation reaction to other ionic liquid immobilized
standing ruthenium nanoparticles. Low catalyst loading,
ligand free approach, simple reaction protocol, easy prod-
uct isolation steps and seven times catalyst recycling are
major outcomes of this proposed work.
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1 Introduction

The growing concentrations of greenhouse gases (GHGs)
in our atmosphere are highly connected to global warming
[1-3]. Among GHGs, carbon dioxide is the one of the most
important greenhouse gas [1, 4]. The emissions from fos-
sil fuel combustion are the main source of CO, production
in our atmosphere. The reduction of CO, emission into the
atmosphere is an urgent necessity as it is highly responsible
for the greenhouse effect. Various physical as well as chem-
ical techniques have been applied to consume exhausted
CO,, such as fixation in carbonates, geological or ocean
storage or afforestation, pulp and paper, food, beverage,
and metal industries [4—6]. Unfortunately, these methods
hurt with many disadvantages in terms of financial fac-
tors, safety, productivity, and dependability of their instant
application [4, 7]. The catalytic conversion of CO, into the
valuable chemical is considered as a significant substitute,
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where we can’t only to capture, but we also use CO, gas
to synthesize added value chemicals [4, 8—10]. However,
CO, is extensively acknowledged as a reactant for the syn-
thesis of carbonates and other important chemicals such as
methanol, aspirin, formic acid etc, but CO, reduction is still
a key task for the scientific community due to the tremen-
dous thermodynamic stability of CO, molecule. In the view
of the extraordinary stability of CO,, it’s a major challenge
to develop competent and extremely reductive procedure to
make them ready for chemical reaction [4, 7, 10, 11].

Metal nanoparticles (with diameter 1-10 nm) carry
exclusive properties mainly because of their exclusive
quantum size effects and large surface-to-volume ratio [12,
13]. In order to get kinetically stable and well dispersed
metal nanoparticles, stabilizer (polymers, surfactants,
polyoxoanion) is required to prevent agglomeration pro-
cess which eventually leads to the development of the
bulk metal (which is thermodynamically favored) [12-21].
Apart from mentioned methods, inorganic supports such as
clay, TiO,, zeolite, silica, etc. were also exploited for the
same task. Properties of supported metal nanoparticles is
mainly depends on the characteristics (size, shape, com-
position) of metal nanoparticles and theirs dispersion over
support [20-24]. Hence, metal support interaction deeply
affects the electronic properties of metal. In addition, the
metal-support interface also impact sometimes on the nan-
oparticle morphology in a very unusual way, hence also
affect their catalytic properties in a negative manner [24].

Many transition metals were tested as an active and
promising nanocatalyst for the selective hydrogenation of
CO, gas. In several reports Ru, Pd, Pt, Rh, and Zn nano-
metals were supported on organic—inorganic supports (pol-
ymeric, ionic liquids, silica, clay, zeolite, etc.) to positively
alter the CO, hydrogenation reactions, but regrettably, in
most of the reports, above mentioned catalytic systems
undergo with the dull catalyst synthesis practice, high cata-
lyst loading and catalyst leaching during recycling experi-
ments [11-20].

Ionic liquids (ILs) are organic salt have immeasurably
low or negligible vapor pressure, good thermal stability,
wide temperature range and strong solvating power for var-
ious substances (good solubility of heterogeneous/homoge-
neous catalytic systems) [25-28]. Therefore, ionic liquids
were considered as a good alternative for toxic conven-
tional solvent systems. We and others have recently pub-
lished various reports on imidazolium based ionic liquids
as a stabilizer for the synthesis of catalytically active transi-
tion metal nanoparticles [25-31]. Imidazolium ionic liquids
possess pre-organized structures, mainly through hydrogen
bonds that induce structural directionality, as opposed to
classical salts in which the aggregates display charge-order-
ing structures [31-39]. These ILs structures can adapt or
are adaptable to many species, as they provide hydrophobic
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or hydrophilic regions and a high directional polarizability.
This structural organization of ILs can be used as “entropic
drivers” for natural, well-defined, and prolonged ordering
of nanoscale assemblies [40—42]. Indeed, we have used
imidazolium ionic liquids as a template, stabilizer, and
solvent for the synthesis of a plethora of transition-metal
nanoparticles [42, 43]. Ionic liquid mediated well dispersed
transition-metal nanoparticles are reported as stable and
highly active catalysts for various reactions, even under
harsh reaction condition (high temperature and pressure).
The promising catalytic properties (like activity and selec-
tivity) of these ionic liquid immobilized metal nanoparti-
cles mainly appear as they possess a pronounced surface
like (multi-site) rather than single-site-like catalytic proper-
ties [40—47]. In other cases, the metal nanoparticles are not
stable and tend to aggregate/agglomerate or serve as sim-
ple reservoirs for mononuclear catalytically active species
[10-13].

ILs were also utilized in the extraction and absorption of
CO,, SO,, H,S and N, gases [32-37] (by varying cations
or anions or by grafting functional groups onto the ions).
The above mentioned unique properties and applications of
ionic liquid were also exploited in our report by performing
a separate absorption study under different time, tempera-
ture and other reaction conditions in order to get best CO,
absorption result with ionic liquid (which directly affect the
selectivity of reaction.) We synthesized a series of ionic
liquids and tested them as reaction medium to prepare
insitu Ru nanoparticles and to capture partial CO, hydro-
genated products (formic acid). Additionally, use of ionic
liquid also offers easy catalyst isolation and catalyst recy-
cling steps during the CO, hydrogenation reaction.

2 Experimental

All the chemicals were purchased from Sigma Aldrich,
Acros or Fluka. Nuclear Magnetic Resonance (NMR) spec-
tra were recorded on standard Bruker 300WB spectrometer
with an Avance console at 400 and 100 MHz for 'H and
13C NMR respectively. All the reaction was carried out in
100 mL Fisher Porter Bottle, Sigma Aldrich. The catalyst
material was characterized by TEM (Hitachi S-3700N).
High-resolution mass spectra (HRMS) were measured on a
VG Auto-spec-Micromass spectrometer (EI) or in a Waters
Q-Tof Ultima API (ESI).

2.1 CO, Loading on Ionic Liquids [30]

In a typical procedure, the CO, capture was carried out in
high pressure autoclave (100 mL). The absorbents were
charged into the reactor at room temperature. Then, the air
in the flask was replaced by passing CO,. The absorption
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was conducted at 80°C with a 4 bar CO, gas for 1 h. The
amount of CO, absorbed was determined by calculating the
weight of the reaction mixture with an analytical balance.
Data points were taken with an accuracy of +0.0001 g
every 5 min. At 80 °C slight while at 100 °C complete des-
orption of CO, was recorded.

2.2 Sample Preparation Procedure for TEM Analysis

In TEM analysis, a drop of the suspension containing the
Ru nanoparticles embedded in the IL was allowed to dis-
perse in isopropanol. A very small quantity of this disper-
sion was placed on a carbon-coated copper grid. Digital
images were used to determine particle size of Ru nanopar-
ticles. Nanoparticle diameters were estimated from groups
of 200 particles (400 counts) chosen in random areas of the
enlarged micrographs. The diameters of the particles in the
micrographs were measured using Sigma Scan Pro 5.

2.3 Synthesis of Standing Ru NPs in Ionic Liquid

The high pressure autoclave was charged with precursor
(0.5 g) and ionic liquid (1 g) as per Table 1. The reaction
was allowed to stir under argon atmosphere (2 bar) for 1 h
at room temperature. Later, argon was replaced by hydro-
gen gas and reaction mass was stirred under hydrogen
atmosphere (4 bar) for 2 h at 50 °C. After cooling the reac-
tion mass, gaseous pressure of reaction vessel was released
and Ru NPs with ionic liquid was washed with diethyl ether
(5x2 mL). Further, Ru NPs with ionic liquid was dried
under high vacuum to remove all the volatile impurities.

2.4 Reaction Protocol for Ionic Liquid Mediated Ru
NPs for CO, Hydrogenation Reaction

The Fischer Potter bottle was charged with 0.25 g of ionic
liquid mediated Ru NPs and water (2 mL). Then the oxy-
gen of reaction vessel was replaced by CO,/H, gas. Reac-
tion mass was allowed to stir for 5 h at 100°C. Later the
reaction vessel was allowed to cool (2-5°C) with the help
of cold water. A small amount of crude reaction mass was
used for 'HNMR analysis. Water was evaporated from
the reaction mass at 110°C, than formic acid was isolated
from the reaction mass with the help of nitrogen gas flow at
125-130°C, passing through the water trap, in order to cap-
ture formic acid. Acid base titration was used to calculate
the amount formic acid in water trap. The results obtained
from '"HNMR analysis as well as from titration method
were full agreement.

2.5 In situ Generation of Ru NPs in Ionic Liquid
for the CO, Hydrogenation Reaction and Recycling
Experiment

The Fischer Potter bottle was charged with ruthenium pre-
cursor [RuCl,(C4Hg)], (0.100 g) and ionic liquid [DAMI]
[TfO](0.210 g). After stirring the reaction mass under
argon (1 bar) for 1 h at room temperature, the argon gas was
replaced with hydrogen gas (2 bar) and then the reaction
was allowed to stir for next 2 h at 50 °C. Later, the reaction
mass was allowed to cool and the pressure was released.
After flushing the reaction mass with 2-3 times with argon
gas, water was added to the reaction mass using addition
funnel of Fisher Potter’s bottle. Then, the reaction vessel
was charged with CO, and H, gas (desired quantity) by

Table 1 Absorption study of

A Ionic liquid CO, pressure ~ Temperature  Time (h) CO, Loading®
CO, over ionic liquids (bar) °C)
[mammim][NTf,] 20 50 1 26
[mammim][TfO] 20 50 1 42
[mammim] [CF;CF,CF,CF,SOs] 20 50 1 48
[mammim] [BF,] 20 50 1 14
[DAMI][T{O] 20 50 1 53
[DAMI][NTH,] 20 50 1 50
[DAMI][CF;CF,CF,CF,S0;] 20 50 1 69
[DAMI][BE,] 20 50 1 22
[DAMI][CF,CF,CF,CF,S0;] 10 50 1 32
[DAMI][CF;CF,CF,CF,S0;] 25 50 1 71
[DAMI][CF;CF,CF,CF,S0;] 20 80 1 66
[DAMI][CF;CF,CF,CF,S0;] 20 100 1 36
[DAMI][CF,CF,CF,CF,S0;] 20 50 3 70
[DAMI][CF,CF,CF,CF,S0;] 20 50 0.5 24

“Mole of CO, captured per mole of ionic liquid
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replacing the argon atmosphere and the total reaction mass
was allowed to stir for next 5 h at 100°C. After cooling
the reaction mass using ice cold water (2-5°C), gas pres-
sure was released. A small amount of crude reaction mass
was used for 'THNMR analysis. Water was evaporated from
the reaction mass at 50°C, then formic acid was isolated
from the reaction mass with the help of nitrogen gas flow
at 75-80°C, passing through the water trap, in order to cap-
ture formic acid. Acid base titration was used to calculate
the amount formic acid in water trap. The results obtained
from '"HNMR analysis as well as from titration method
were in full agreement. Ionic liquid mediated Ru- NPs
were washed with diethyl ether (5?2 mL) and dried under
required pressure for 12 h at 50°C (All the product isola-
tion steps as well as catalyst cleaning steps were carried out
in the Fischer Potter bottle to avoid the catalyst loss). Then
the catalytic system went for recycling experiment where,
the [DAMI] [TfO] ionic liquid immobilized Ru NPs were
allowed to stir under argon atmosphere (2 bars) for 1 h at
room temperature. Later, argon was replaced by hydrogen
gas and reaction mass was stirred under hydrogen atmos-
phere (4 bars) for 2 h at 50°C and then all the steps were
completed as per above mentioned CO, hydrogenation
protocol.

3 Result and Discussion

3.1 Solubility of CO, Gas in Functionalized Ionic
Liquids

In some of recent reports, ionic liquids were utilized to cap-
ture carbon dioxide gas [32, 33]. We synthesized and tested
the absorption performance of the following functionalized
ionic liquids; Ionic liquids like 1-(V,N-dimethylaminoe-
thyl) 2,3-dimethylimidazolium trifluoromethanesulfonate
([mammim][TfO]), 1,3-di(N,N-dimethylaminoethyl)-
2-methylimidazolium bis (trifluoromethylsulfonyl) imide
([DAMI][NTf2]), 1-(N,N-dimethylaminoethyl) 2,3-dimeth-
ylimidazolium bis (trifluoromethylsulfonyl) imide ([mam-
mim][NTf2]), 1-(N,N-dimethylaminoethyl)- 2,3-dimeth-
ylimidazolium nonafluorobutanesulfonate  ([mammim]
[CF3CF2CF2CF2S03)), 1-(N,N-dimethylaminoethyl)-
2,3-dimethylimidazolium trifluoromethanesulfonate
([mammim] [BF4]), 1,3-di(N,N-dimethylaminoethyl)-
2-methylimidazolium trifluoromethanesulfonate ([DAMI]
[TfO]),, 1,3-di(N,N-dimethylaminoethyl)-2-methylimida-
zolium nonafluorobutanesulfonate ([DAMI][CF3CF2CF-
2CF2S03]) and 1,3-di(N,N-dimethylaminoethyl)-2-meth-
ylimidazolium tetrafluoroborate ([DAMI][BF4]) treated
at the 50°C for 1 h in high pressure autoclave with 20 bar
CO2 gas (Table 1 supporting information). Among all
the ionic liquids, we obtained the maximum solubility of
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CO2 in [DAMI][CF3CF2CF2CF2S03] ionic liquid reac-
tion medium. It was clearly observed from (Table 1) that
the CO2 solubility in ionic liquids mainly depends on the
presence of branched chains or polar groups and CO2-
philic groups in the anionic or cationic parts of the ionic
liquid structure. Such modifications in ionic liquid mor-
phology increase the free volume to accommodate CO2 gas
[31-37]. In addition, the physiochemical property of ani-
ons of ionic liquid plays a significant role in the solubility
of CO, gas than the cations [35, 38]. Ionic liquid, carrying
highly fluorinated anions were recorded to have the highest
CO, solubility among the ionic liquids with the same cati-
ons [30]. Apart from such advantages, C-F bond of anions
increases the rigidity and decreases the polarity of ionic
liquid [31-34]. Such change in the properties of ionic lig-
uid, not only leads to higher gas solubility in highly fluori-
nated as well as sulphonated ionic liquids, but also makes
easier the regeneration of the ionic liquid.

3.2 Synthesis of Ru Metal Nanoparticles
in Functionalized Ionic Liquids

After getting best CO, solubility results with [DAMI]
[CF3CF2CF2CF2S03] ionic liquid, we applied the same
ionic liquid for the synthesis of ruthenium nanoparticle
(Ru-NP) synthesis. Four different types of Ru precursors
(such as [RuCl2 (C6H6)] 2, [Ru (COD) (2-methylallyl) 2],
trans-RuCl2 (DMSO) 4, [Ru (COD) CI2] and [Ru (COD)
(COT)]), were reduced under hydrogen atmosphere in
the [DAMI] [CF3CF2CF2CF2S03] ionic liquid reaction
medium at 50°C as it is documented that nanoparticles
with small size may easily get agglomerate at higher tem-
perature [40, 41].

Initially, we stirred the well dispersed suspension of
[Ru(COD)(2-methylallyl),] ~ with  [DAMI][CF;CF,CF-
,CF,SO;] ionic liquid under argon for 1 h and while adding
the hydrogen gas to suspension, the color turns black from
off white within 15 min. While, [DAMI] [TfO] ionic liquid
took, 35 min to get a black color suspension. After, 5 h of
stirring, volatile impurities like cyclooctane, isobutene etc.
were removed under high vacuum to obtain ionic liquid
mediated Ru NPs.

X-ray diffraction (XRD) patterns were recovered to study
the phase, purity and crystallite size of the Ru nanoparticles
by using XRD Philips X’PERT MRD X-ray diffractom-
eter equipped with a curved graphite crystal (Fig. 1). The
typical diffraction pattern shows that the Ru-NPs prepared
from four different Ru metal precursors in different ionic
liquids confirmed their crystalline nature and high purity.
The crystallite size of the Ru-NPs was calculated from the
most intense diffraction peak (101) using the Debye—Scher-
rer’s equation. All the results were summarized in Table 2.
The relative intensity of the diffraction peaks of Ru-NPs
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Fig. 1 XRD analysis results of
Ru NPs
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Table 2 Types of synthesized Ru metal catalyst
Entry Ru metal precursors Tonic liquid Size of Ru NPs  Size of Ru Size of Ru ICP-AES
(+0.5 nm)? NPs (nm)® NPs (nm)°© values (Wt%
Ru)
1 [RuCl,(C¢Hy)l, [DAMI][CF;CF,CF,CF,SO;] 7.1 7.6 7.8 1.15
2 [Ru(COD)(2-methylallyl),] [DAMI][CF;CF,CF,CF,SO;] 7.9 8.5 8.3 1.13
3 trans-RuCl, (DMSO), [DAMI][CF;CF,CF,CF,SO;] 12.1 132 134 1.13
4 [Ru (COD)Cl,] [DAMI][CF;CF,CF,CF,SO;] 9.2 10.4 10.1 1.09
5 [Ru (COD)(COT)] [DAMI][CF;CF,CF,CF,SO;] 9.5 11.6 10.5 1.10
6 [RuCl,(C¢Hy)l, [DAMI][TfO] 8.5 9.6 9.7 1.14
7 [Ru(COD)(2-methylallyl),] [DAMI][TfO] 8.1 9.3 8.9 1.11
8 [RuCl,(C¢Hy)l, [mammim] [CF;CF,CF,CF,S0;] 13.8 14.1 139 1.01
9 [RuCl,(C¢Hy)l, [mammim][TfO] 14.1 14.9 14.8 0.98

“Determined by TEM analysis
bCalculated from XRD analysis
“Calculated from SAXS analysis

@ Springer



1056

P. R. Upadhyay, V. Srivastava

60000 |-
Q
_05-
9 —— [DAMI][TfO]
;f 40000 |- 8} —O— Ru (0)+[DAMI][TfO]
s 8
(2]
£ %
o
O 20000

Fig. 2 SAXS spectra pattern of [DAMI][TfO] and Ru(0)+ [DAMI]
[TfO]

Table 3 Results obtained from correlation and interface distribution
functions

Sample Correlation Interface

function y(r)  distribution
function g(r)

LA L,@A) LA L,®&)

Ru (0) + [DAMI][CF;CF,CF- 158 82 152 88

,CF,S0;]

[DAMI][CF;CF,CF,CF,S0;] 112 57 120 63

Ru (0) + [DAMI][TfO] 167 76 172 83

[DAMI][TfO] 125 49 121 51

(prepared with different ionic liquids) deviated from one to
one, suggesting that an each ionic liquid has different nano-
structures in certain directions of the growing material.
A broad peak at 42.2° clearly corresponds to metallic Ru
(0), this indicates the formation of Ru nanoparticles with
a size of ranges from 17.1 to 22.6 nm for different samples
Table 2, entry 1-9. In contrast, additional sharp peaks cen-
tered at 38.5°, 44.2°, 58.5°, 69.5°, 78.7°, and 85.3° respec-
tively were attributed to the presence of metallic Ru species
(PDXL ver. 2.3.1) [48, 49].

The X-ray photoelectron spectroscopy (XPS, ESCALAB
250 analyzer) spectrum (Fig. 1, supplementary infor-
mation) showed typical Ru(0) absorptions at 280.07
and 284.47 eV for 3ds, and 3ds,, respectively, with a
A =4.40 eV, which is consistent with literature results [46].
All the samples for XPS analysis were prepared in an argon
atmosphere to guard against oxide formation; no evidence
RuO, contamination was found in the XPS results [50].

Small angle X-ray scattering (SAXS) is a very impor-
tant technique to disclose the size, shape and inter-
nal structure of colloidal particles in solution [S51]. The
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typical SAXS spectra was recorded for [DAMI][TfO] and
Ru(0) + [DAMI][TfO] and represented in Fig. 2. We meas-
ured the SAXS background scattering of ionic liquid (with
and without Ru-NPs) with respect to the primary incident
beam. Then, we corrected the scattering data obtained after
subtracting the background noise. All the SAXS analysis
and calculation were performed as per reported literature
[51-67]. The X-ray scattering is experimentally calcu-
lated as a function of the vector, g [51-57]. The correla-
tion function y (7), is used to measure the electron density
in a sample defined as the Fourier transform of the Lorentz-
corrected SAXS profile [62-64]. The interface distribution
function g(r) is the Fourier transform of the interference
function G(g).The application of correlation and surface
distribution function is accepted only in SAXS range data
(0.1 nm~'<g<2.5nm™ ) [63, 64 ].

The SAXS analysis helped to establish the correlation
function between pure ionic liquids ((DAMI] [CF3CF2CF-
2CF2S03] and [DAMI] [TfO]) and Ru-NPs (dispersed in
same ionic liquid). Two phase model was used in this study.
As per previous reports, we also found that the diameter of
Ru-NPs larger than the ionic liquid thickness. The interface
distribution function was applied on the experimental data
to calculate the extended molecular length of both the ionic
liquids (3.8 nm for [DAMI][CF3CF2CF2CF2S0O3] and
1.7 nm for [DAMI][TfO]) [64-68]. A significant change
in the L value was recorded due to the presence of Ru (0)
nanoparticles for both the ionic liquids (Table 2; Fig. 2 in
supplement information). Significantly higher increase in
L value was observed with TfO™ anion mainly because of
more ordered structural arrangement. The results obtained
from correlation and interface distribution were found in
good agreement with each other in Table 3. The cation
mobility of ionic liquid was restricted mainly because of
large CF;CF,CF,CF,SO;™ anion than TfO™ anion and such
character hamper the formation of well-ordered Ru-NPs
[51, 62, 63, 66, 67] (Fig. 3).

The SAXS analysis, concluded that the protective
layer around the Ru (0) nanoparticle (mainly composed
of semi-organized anionic species) present as supramo-
lecular aggregates in following manner ([DAMI]x [X]x+1
x=2 for X=CF3CF2CF2CF2SO3— anion and x=3 for
X =TfO- anion) with an extended molecular length of the
3.8 nm for [DAMI][CF3CF2CF2CF2S03] and 1.7 nm for
[DAMI][TfO] [67-70] .

The structural morphology of Ru-NPs was first studied
by the TEM analysis before using them as catalyst (Fig. 2
in supplementary information). The structural influence
of ionic liquids on the morphology of Ru-NPs, was found
very effective (Table 2). It was clearly observed that the
physiochemical properties like viscosity as well as ionic
interaction between the cations and anions of the ionic
liquid plays an important role on the structural features of
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Ru-NPs such as stability, size, dispersion and agglomera-
tion (Fig. 2 in supplementary information and Tables 2, 3)
[38—43]. It is worth noted here that colloidal suspensions of
the Ru-NPs in [DAMI] [CF3CF2CF2CF2S03] ionic liquid
medium were found stable up to for 10 days under argon
atmosphere, while the suspensions of Ru-NPs in [DAMI]
[TfO] ionic liquid. The Ru nanoparticles get separated
from their corresponding ionic liquid just after 2-3 days.
We can draw the conclusion (Table 1) that less coordinat-
ing ions (CF3CF2CF2CF2SO3—) prevents the separation
of Ru-NPs from ionic liquid, better than TfO— anions.
This unique effect of CF3CF2CF2CF2SO3— anions were
dropped while lowering the carbon chain ([mammim]
[CF3CF2CF2CF2S03] ionic liquid) [38-47, 71-74].

3.3 CO, Hydrogenation Reaction in Ionic Liquid
Mediated Ru (0) Nanocatalysts

The CO, Hydrogenation reaction was carried under H,
atmosphere in the presence of Ru -NPs with both the ionic
liquids separately at 50 °C. After 5 h, formic acid was iso-
lated from the reaction mass followed by the nitrogen flow

at 75-80°C. The results obtained during reaction optimiza-
tion with respect to TON/TOF value of formic acid were
summarized in Table 4, entry 1-21. Acid-Base titration
using phenolphthalein indicator and '"H NMR analysis was
used to calculate the quantity of formic acid formed after
the hydrogenation reaction [72-74]. 'HNMR analysis also
confirmed no decomposition of formic acid as well as an
ionic liquid during the experimental condition [72-74].
Initially, both ionic liquid immobilized Ru-NPs were
tested under same reaction condition for CO, hydrogena-
tion. Surprisingly, high TON/TOF value was obtained with
[DAMI] [TfO] ionic liquid immobilized Ru NPs (Table 4,
Entry 1 & 2) instead of [DAMI] [CF;CF,CF,CF,SO] medi-
ated. This observation was found contradictory with respect
to other published results, where smaller nanoparticles gave
a high catalytic rate with respect to large nanoparticles
[75]. The results obtained with [DAMI][TfO] immobilized
Ru-NPs, confirmed that the surface of Ru-NPs is exposed
or open for reactants as TfO— anions are less coordinated
with respect to CF3CF2CF2CF2SO3— anions. To confirm
this result, we designed a new set of experiments, where
the [DAMI][TfO] mediated Ru-NPs were isolated and

Table 4 Hydrogenation of CO, to Formic acid using ionic liquid immobilized Ru NPs

Entry Catalytic system P (Hy) (Pyorar) Temperature Time (h) TONP TOF°
(MPa)* )
1 Ru NPs/[DAMI][CF;CF,CF,CF,S0;] 25 (50) 30 5 1988 397.6
2 Ru NPs/[DAMI][TfO] 25 (50) 30 5 2014 402.8
3 Ru NPs/[DAMI][TfO] 25 (50) 50 5 22,680 4536.0
4 Ru NPs/[DAMI][TfO] 25 (50) 80 5 20,178 4035.6
5 Ru NPs/[DAMI][TfO] 25 (50) 100 5 19,872 3974.4
6 Ru NPs/[DAMI][TfO] 25 (50) 50 7 22,980 32829
7 Ru NPs/[DAMI][TfO] 25 (50) 50 2 19,862 9931.0
8 Ru NPs/[DAMI][TfO] 10 (20) 50 5 10,762 21524
9 Ru NPs/[DAMI][T{O] 30 (60) 50 5 22,710 4542.0
10 Ru NPs/ Ru NPs/[DAMI][TfO],H,0 (1 mL) 25 (50) 50 5 23,221 4644.2
11 Ru NPs/ Ru NPs/[DAMI][TfO]+H,0 (2 mL) 25 (50) 50 5 24,525 4905.0
12 Ru NPs/ Ru NPs/[DAMI][TfO]+H,O (3 mL) 25 (50) 50 5 23,861 47722
13 Ru NPs/ Ru NPs/[DAMI][TfO] (0.100 g)+H,O (2 mL) 25 (50) 50 5 23,980 4796.0
14 Ru NPs/ Ru NPs/[DAMI][TfO] (0.500 g)+H,O (2 mL) 25 (50) 50 5 24,545 4909.0
15 Ru NPs/ [DAMI][CF;CF,CF,CF,S0;]+H,0 (2 mL)+ 25 (50) 50 5 20,165 4033.0
16 RuCl, (0.07 g)*+ [DAMI][TfO] (0.100 g)+H,0 (2 mL) 25 (50) 50 5 10,210 2042.0
17 Ru NPs/ [mammim][CF;CF,CF,CF,SO;]+H,0 (2 mL) 25 (50) 50 5 20,138 4027.6
18 Ru NPs/ [mammim][TfO], H,0 (2 mL) 25 (50) 50 5 19,028 3805.6
19 RuCl, (0.07 g)* + [DAMI][TfO] (0.100 g)+H,O (2 mL) 25 (50) 50 5 780 156.0
20 Ru NPs+H,0 (2 mL) 25 (50) 50 5 23 4.6
21 Ru NPs 25 (50) 50 5 - -

“The total pressure of the system is indicated in parentheses

>Turn over number=n (formic acid) n (Ru)~! in one reaction cycle
“Turnover frequency =n (formic acid) n (Ru)"'h™!

4RuCl,;-xH,0 (50% Ru metal)
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Table 5 Reaction optimization for in situ generated Ru NPs for CO,

hydrogenation
Entry Tempera-  P(H,) (Py,) Time (h) TON?* TOF®
ture (°C) (MPa)

1 50 50 26,525

2 80 50 20,178

3 100 60 26,551

4 50 50 2.5 21,514

5 50 50 8 26,575

2Turn over number=n (formic acid) n (Ru)~! in one reaction cycle

>Turnover frequency =n (formic acid) n (Ru)"'h™!

re-dispersed in [DAMI][CF3CF2CF2CF2SO] ionic liquid.
The same exercise was performed for [DAMI] [CF3CF-
2CF2CF2S0] mediated Ru-NPs and the recovered Ru-NPs
were re-dispersed in [DAMI] [TfO] ionic liquid. This mod-
ified ruthenium dispersion was applied to CO2 hydrogena-
tion reaction. Formic acid with low TON values obtained
from highly coordinated CF3CF2CF2CF2SO— anions with
respect to less coordinated TfO— anions. It is worth noted
that the miscibility of reactants is almost similar to both the
ionic liquids. Such observations also confirmed that the Ru-
NPs are surrounded by the anions of ionic liquid [69, 75].

1 [DAMI][TfO)
)
3
1 0 ’
ya(r) T Y Sy
.1 1 A 4
0 50 100 A) 150 200
’ Ru(0)+ [DAMI][TfO]

y1(r) O¢

A . . : ,

0 ) 100 150 200 250
r(A)

pa(ny o0

Other important reaction parameters and technical vari-
ables were investigated with [DAMI][TfO] immobilized
Ru-NPs (Table 4, Entry 3—15). While optimizing the reac-
tion temperature for hydrogenation reaction, we obtained
good TON/TOF value at lower temperature (50 °C), when
the total H2/CQO2 gas pressure was 50 MPa (Table 4, Entry
3-5). Effect of water was also studied on the reaction kinet-
ics of CO2 hydrogenation reaction and with 2 ml of water;
we obtained the formic acid with a high TON/TOF value
(Table 4, entry 12) mainly because CO2 may react with
water as well as amine group of ionic liquid and offers
bicarbonates which may act as a perfect substrate for the
hydrogenation reaction. RuCl3-3H20 was also evaluated in
[DAMI][TSO] for hydrogenation reaction, but formic acid
was obtained with a low TON/TOF value with respect to
[DAMI][TfO] immobilized Ru NPs (Table 4, Entry 16)
[72-74].

After getting friendly results with [DAMI][TfO] ionic
liquid immobilized Ru-NPs with water, we shifted our
study to catalytic hydrogenation of CO, to formic acid
followed by in situ generated Ru-NPs in ionic liquid. To
achieve this task, we started the reaction with synthesizing
Ru-NPs in [DAMI] [TfO] ionic liquid from [RuCl,(C¢Hy)],.
After synthesizing the ionic liquid mediated Ru-NPs, opti-
mized quantity of water and then CO,/H, gases were added

=
1T

_1 A ' L L L
' 200
0 50 100 e A) 150
1 Q\Ru (0) + [DAMI][CF,CF,CF,CF.SO,]
\‘\\ / \\
\“\ 4 \\
\ ', \
y' (r) 0 \ /,'IJ \
-Q i 3
\ V/
-1 - - -
0 50 100 " 200 250
r(A)

Fig. 3 Plots of correlation function of ionic liquid and ionic liquid mediated Ru(0) nanoparticles
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Fig. 4 Catalyst recycling test 27000
for Ru(0)+[DAMI][TfO] cata-
lytic systems 26500 ﬁ /\
g 26000
€ 55500 \ / \ /\
z
2 25000 \V4 N~ \
24500
24000
1st 2nd 3rd 4th Sth 6th 7th 8th
Run Run Run Run Run Run Run Run
e TON | 26525 | 26401 | 25080 | 26415 | 25101 | 25501 | 26001 | 25092

in the reaction vessel (without opening the lid of vessel).
After heating the reaction mass at the 50°C for 5 h, we
successfully obtained the formic acid with a good TON /
TOF value (Table 5, Entry 1). Reaction parameters such as
time, temperature and the quantity of CO,/H, gases were
again optimized for in situ generated Ru NPs in [DAMI]
[TfO] (Table 5, Entry 1-6). Higher TON/TOF value of for-
mic acid was obtained with respect to standing Ru nano-
particles for the normal above mentioned reaction mainly
because of Ru metal loss during the catalyst isolation step
of catalyst preparation.

Formic acid was isolated from reaction mass with the
aid of N, gas and the [DAMI] [TfO] ionic liquid immobi-
lized Ru NPs went for a recycling test (after washing with
diethyl ether). [DAMI] [TfO] ionic liquid immobilized Ru
NPs were recycled up to 7 times with slight loss of their
catalytic activity mainly because of agglomeration of Ru
NPs which was also confirmed by TEM analysis of Ru NPs
(Fig. 4). Significant increase, in the particle size of Ru NPs
from 8.1 (£0.5) nm to 15.5 (x0.5) nm (due to the agglom-
eration of Ru NPs) may cause a drop in the catalytic activ-
ity of Ru NPs during recyclability test.

4 Conclusion

We developed nine different types of ruthenium nanoparti-
cles using five types of ruthenium precursors and four types
of ionic liquids. All the materials were properly analyzed
by sophisticated analytical techniques. XRD analysis of
isolated ruthenium nanoparticles showed that well-coor-
dinated and small size nanoparticles were obtained with
[DAMI] [CF;CF,CF,CF,SO;] ionic liquids over [DAMI]
[TfO] ionic liquid. The XPS analysis also confirmed the
presence of ruthenium nanoparticles as Ru(0) species in
the system. SAXS analysis along with XRD and XPS data
confirmed the surrounding of ionic liquid protective layer

around ruthenium nanoparticles. Additionally, high cata-
lytic activity of the [DAMI][TfO] mediated ruthenium
nanoparticles was observed in CO, hydrogenation reaction
with respect to other catalytic systems. Increase in catalytic
activity was observed mainly due to the presence of less
coordinated Ru (0) species in [DAMI][TfOJionic liquid.

Apart from the above observations, we successfully
synthesized insitu ruthenium nanoparticles in ionic lig-
uid medium and successfully applied for CO, hydrogena-
tion reaction. The insitu catalytic system was found highly
active in terms of high TON/TOF value over above men-
tioned systems. Subsequently, the catalytic system was
recycled up to eight catalytic runs.
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