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Ruthenium Nanoparticles Supported on Reduced Graphene
Oxide: Efficient Catalyst for the Catalytic Reduction of Cr
(V1) in the Presence of Amine-Boranes

Mehmet Yurderi,” Ahmet Bulut,” Gulsah Saydan Kanberoglu,” Murat Kaya,"”

Yasin Kanbur,” and Mehmet Zahmakiran*®

Hexavalent chromium (Cr(VI)) is a toxic, mutagen and carcino-
gen contaminant exist in surface and groundwater, while its
reduced form trivalent chromium (Cr(lll)) is known as an
essential element to normal carbohydrate, lipid and protein
metabolism in nature. Addressed herein, for the first time,
ruthenium nanoparticles supported on reduced graphene
oxide (Ru@rGO) catalyze the reduction of aqueous Cr(VI) to Cr
() in the presence of amine-boranes; ammonia-borane (AB;
NH;BH;), methylamine-borane (MeAB; CH;NH,BH,), dimeth-
ylamine-borane (DMAB; (CHs),NHBH;) as reducing agents under
mild conditions (at room temperature and under air). Ru@rGO
catalyst was reproducibly fabricated through a double-solvent
method followed by wet-chemical reduction and characterized
by using various spectroscopic and visualization techniques,
which showed that the formation of well-dispersed and highly

Introduction

Hexavalent chromium (Cr(VI)) is known as the second most
abundant heavy metal contaminant exists in the surface and
groundwater” and is mainly produced from electroplating,
pigment manufacturing, tannery facilities, and wood
preservation.”> More importantly, Cr(Vl) is carcinogenic to
humans and can cause dermatitis, rhinitis even lung cancer,
and nasopharynx cancer®” Cr(Vl) is highly mobile in an
aqueous environment, and the mobile form of Cr(Vl) has the
potential for increased exposure and harm to human health
and the environment® In contrast, the reduced form of
chromium, trivalent chromium Cr(lll), is less mobile in the
environment and much less toxic. Indeed, trace amounts of Cr
() is an essential nutrient for living organisms.”'® Henceforth,
the reduction of Cr(VIl) to Cr(lll) is environmentally favorable
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crystalline ruthenium(0) nanoparticles with a mean particle size
of 2.7 + 0.9 nm on the surface of rGO. The catalytic perform-
ance of Ru@rGO was investigated in terms of activity and
stability in the ammonia-borane assisted reduction of Cr(VI) to
Cr(lll), and the sum of the results gained from these catalytic
tests revealed that Ru@rGO acts as both active (TOF=7.6 mol
Cr,0,% /mol Ru.min) and stable (80% of its initial activity at 90%
conversion at 5" reuse) heterogeneous catalyst in this signifi-
cant catalytic transformation. This study also reports kinetic
studies for Ru@rGO catalyzed Cr(VI) reduction in the presence
of ammonia-borane depending on ruthenium ([Ru]), ammonia-
borane ([AB]) concentrations and temperature to shed some
light on the nature of the catalytic reaction and activation
parameters.

and can be used to remediate Cr(VI) contaminated sites. In this
context, various reducing agents, including H,S, Fe’™, H, and
HCOOH, have been tested for the reduction of Cr(Vl) to Cr
(.

Amongst these reduction processes, the notable perform-
ances have been achieved by using transition metal nano-
particles as a catalyst and formic acid (HCOOH) as a reducing
agent."¥ In these catalytic transformations, formic acid under-
goes dehydrogenation reaction (1) in the presence of a suitable
catalyst."*"® Then, H, adsorbed on the surface of active metal
nanoparticles subsequently reduces Cr(VI) to Cr(lll) via an H,
transfer pathway (2)."°?” The most significant drawbacks in the
formic acid assisted the reduction of Cr(VI) is (i) slow reaction
kinetics and (i) the limitation in the use of different transition
metals as active catalytic species, which are mainly palladium-
based catalysts, due to the selectivity problem in formic acid
decomposition.'”?" 22 Formic acid decomposes in two different
ways; these are dehydrogenation (1), and dehydration (3)
pathways.!”!

HCOOH — H, + CO, (1)

Cr,0,2 + 8H" + 3H, —
2CP" + 7H,0

HCOOH — H,0 + CO

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Check for
updates


http://orcid.org/0000-0002-5633-3811
https://doi.org/10.1002/slct.202001380
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fslct.202001380&domain=pdf&date_stamp=2020-06-17

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistrySelect doi.org/10.1002/slct.202001380

The dehydration of formic acid is the unwelcome reaction
and cannot assist the reduction of Cr(Vl). The surveying of the
catalytic systems used in formic acid dehydrogenation showed
that the majority of these catalytic systems are composed of
active palladium (Pd) species, which reveal the highest
dehydrogenation selectivity in formic acid decomposition. At
this concern, the development of new catalytic reduction
processes for Cr(Vl) reduction that provides fast reaction
kinetics and allowing the employment of wide-range transition
metals has great importance in this catalytic transformation.

In this study, for the first time, we report ruthenium
nanoparticles supported on reduced graphene oxide (Ru@rGO)
catalyze the reduction of aqueous Cr(VI) to Cr(lll) in the
presence of amine-boranes; ammonia-borane (AB; NH;BH,),
methylamine-borane (MeAB; CH;NH,BH;) and dimethylamine-
borane (DMAB; (CH;),NHBH,) used as reducing agents. Hydro-
gen can be generated from these amine-boranes through their
catalytic hydrolysis reactions (4-6).%

NH,BH, + 2H,0 —
NH,BO, + 3H,

CH,NH,BH, + 2H,0 —
CH,NH,BO, + 3H,

(CH,),NHBH; + 2H,0 —

(CH;),NH,BO, + 3H, (6)

Ruthenium nanoparticles supported on reduced graphene
oxide (Ru@rGO) were prepared through a double-solvent
method®*?” followed by wet-chemical reduction technique™™
and characterized by using various analytical techniques
including inductively coupled plasma optical emission spectro-
scopy (ICP-OES), X-ray photoelectron spectroscopy (XPS),
powder X-ray diffraction (P-XRD), field emission scanning
electron microscopy (FE-SEM), transmission electron micro-
scopy (TEM), high resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy-
energy dispersive X-ray spectroscopy (STEM-EDX). The results
gained from these analyses revealed that the formation of well-
dispersed and highly crystalline ruthenium nanoparticles with a
mean particle size of 2.7 + 0.9 nm on the surface of rGO. The
catalytic studies performed on Cr(Vl) reduction by using
Ru@rGO catalyst showed that it provides remarkable activity in
the catalytic Cr(VI) reduction in the presence of AB with an
initial turnover frequency value of TOF=7.6 mol Cr,0,>/mol
Ru.min, which is the highest activity value reported for Cr(VI)
reduction in the literature (vide infra). Moreover, these rGO
supported ruthenium nanoparticles display notable durability
against to leaching and sintering throughout the catalytic runs,
which makes them highly reusable catalyst for this catalytic
transformation, they preserve almost their inherent catalytic
performance (80% of its initial activity at 90% conversion) at 5™
catalytic reuse in the catalytic Cr(VI) reduction.
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Results and Discussion

Ruthenium nanoparticles supported on reduced graphene
oxide were prepared reproducibly by following two-steps
procedure comprising of a double-solvent method®*’ to
impregnate RuCl;.3H,0 precatalyst on reduced graphene oxide
surface then their wet-chemical-reduction® by using sodium
borohydride (NaBH,). The dark-gray solid powdered samples of
Ru@rGO yielded and isolated at the end of the synthesis
protocol were characterized by multiple analytical techniques.
First, to find the amount of ruthenium deposited on the surface
of rGO, ICP-OES analysis was carried out, and the ruthenium
content of as-prepared Ru@rGO was found to be 1.2% wt. Next,
P-XRD analyses were performed on graphene oxide (GO),
reduced graphene oxide (rGO) and Ru@rGO (contains 1.2 wt %
Ru), and P-XRD patterns of these materials are given in Figure 1.
The characteristics carbon peak (001) for GO seemed at 11.2°
corresponding to definite d-spacing of 0.8 nm as reported by
Marcano and co-workers.”? After hydrazine reduction of GO,
(001) peak ultimately disappear and the new Bragg peak (002)
was observed at 25.1°, matching to the of the interlayer
distance of 0.4 nm that is very consistent with the previously
reported®® and revealed the good arrangement of the
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Figure 1. Powder X-ray diffraction (P-XRD) patterns of graphene oxide (GO),
reduced graphene oxide (rGO), and ruthenium nanoparticles supported on
reduced graphene oxide (Ru@rGO) in the range of 20 =5-70°.
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interlayer distance of graphene. On the other hand, a P-XRD
pattern of Ru@rGO was found to be identical with that of rGO.
The absence of any Bragg peaks assignable to ruthenium
nanoparticles can be ascribed to their low amount of loading
(< 10 wt %) onto rGO. Additionally, it should also be noted
that, we realized that the most notable diffraction line of
metallic ruthenium; Ru (101), which was also seen by HRTEM
image, overlaps with Bragg peak of rGO (102) plane at around
43° (Figure S1). As well, the decrease in Bragg peak intensities
in Ru@rGO sample can be elucidated by the changes in the
charge distribution and electrostatic fields as a result of the
existence of ruthenium nanoparticles on the surface and
interaction of their electrophilic surface with rGO atoms.®"

The oxidation state of ruthenium nanoparticles and the
surface elemental analysis of Ru@rGO (1.2 wt % Ru loading)
were examined by XPS analyses. The survey XPS spectrum of
Ru@rGO is depicted in Figure 2(a), which shows the existence
of ruthenium as well as rGO elements (carbon, oxygen). The
existence of sodium (Na) signal indicative of the presence of
surface-bound contaminated sodium (Na*) ions came from
sodium borohydride (NaBH,), which was used as a reducing
agent. The high resolution (HR-XPS) spectrum of Ru@rGO
sample (1.2 wt % Ru loading) at Ru 3p core level and its
deconvolutions are given in Figure 2(b). The deconvolutions of
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Figure 2. (a) Survey XPS spectrum of Ru@rGO, (b) Ru 3p core-level high
resolution XPS spectrum of Ru@rGO.
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high-resolution Ru 3p XPS spectrum of Ru@rGO sample gives
distinguishing peaks at 483.2 and 461 eV, which can readily be
assigned to 3p,,, and 3p;, peaks of metallic Ru(0).“**? The
additional low-intensity peaks observed at 486.5 and 463.7 eV
discloses the presence of RuO, phase, which may originate
from the surface oxidation of ruthenium nanoparticles during
the XPS sampling procedure.®?

FE-SEM, TEM, HRTEM, and STEM-EDX analyses were per-
formed on Ru@rGO sample (1.2 wt % Ru loading) to examine
the size, morphology, and the composition of Ru@rGO (1.2 wt
% Ru loading). FE-SEM images of Ru@rGO in different
magnification are given in Figure 3, which exhibits stacked
plates of rGO and no bulk Ru formation in observable size.
Although no bulk ruthenium is seen on the surface of rGO
support material, ICP-OES and STEM-EDX mapping (Figure 3(e))
analyses reveal that the presence of ruthenium in the analyzed
Ru@rGO sample, which entails that the formation of small-sized
ruthenium nanoparticles.

Indeed, TEM images of Ru@rGO sample (1.2 wt % Ru
loading) given in Figure 4(a)-(b) display the existence of well-
dispersed and small-sized ruthenium (0) nanoparticles on the
surface of rGO, the mean particle size of the resulting surface-
bound ruthenium(0) nanoparticles was found to be 2.7 +
0.9 nm by the particle size analysis of > 50 non-touching
particles. In addition to the size and dispersion, the crystallinity
of the resulting ruthenium nanoparticles was also examined by
HRTEM analysis and the HRTEM image of Ru@rGO sample is
given in Figure 4(c), which show the formation of highly
crystalline ruthenium nanoparticles with a crystalline spacing of
0.22 nm, that agrees with the (101) lattice spacing of
ruthenium.® The surface elemental composition of the result-
ing Ru@rGO was investigated STEM-EDX spectroscopy, and
STEM-EDX spectrum of Ru@rGO is depicted in Figure 4(d),
which shows the existence of ruthenium in the analyzed
regions (copper arose from carbon-coated copper TEM grid).

The catalytic performance of Ru@rGO catalyst was exam-
ined in the catalytic reduction of Cr(VI) to Cr(lll) by using three
different amine-boranes; ammonia-borane (AB; NH;BH,), meth-
ylamine-borane (MeAB; CH;NH,BH;) and dimethylamine-borane
(DMAB; (CH,),NHBH,) as reducing agent. Potassium dichromate
(K,Cr,0,) was selected as one of the demonstrative Cr(VI)
compounds. It is well-known that the characteristics absorption
peak of Cr(Vl) is centered at 350 nm, which originates from the
ligand (oxygen) to metal (Cr(Vl)) charge transfer transition.?*>3
Hence the reduction of Cr(Vl) can be monitored by UV-vis
spectroscopy. Beforehand testing the catalytic activity of
Ru@rGO catalyst, the catalytic reactivity of rGO as host material
was examined in the catalytic reduction of Cr(Vl) under
identical conditions (vide infra). In the absence of Ru metal, the
absorption intensity of Cr(Vl) at 350 nm remains almost
unchanged over 180 min, signifying that the host material rGO
is catalytically inactive in the catalytic reduction of Cr(Vl) and
the reaction cannot proceed without Ru. Then, the catalytic
reduction of Cr(Vl) by using Ru@rGO in the presence of amine-
boranes (AB, MeAB and DMAB) was surveyed under identical
conditions (equimolar concentrations of [Rul, [K,Cr,0O,] and at
25°C under air) and corresponding UV-vis spectra are given in
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Figure 3. (a)-(e) Field emission scanning electron microscopy (FE-SEM) images of Ru@rGO taken at different magnification values and (f) SEM-EDX ruthenium
mapping of Ru@rGO.
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Figure 4. (a) and (b) TEM images of Ru@rGO at different magnifications, (c)
HRTEM image of Ru@rGO, and (d) STEM-EDX spectrum of Ru@rGO.

Figure 5(a)-(c). As seen from these results, the highest activity
was achieved in the presence of ammonia-borane, and the
activity order of Ru@rGO in the presence of AB, MeAB, and
DMAB was found to be AB > MeAB > DMAB. Actually, these
results reflect the reactivity of amine-boranes, which was
previously reported in the same order (AB > MeAB >
DMAB)'[39—42]

In order to confirm this reactivity, we also carried out a
series of control experiments, in which the catalytic activity of
Ru@rGO was examined in the catalytic hydrolysis of AB, MeAB,
and DMAB (4-6) and the results of these experiments are given
in Figure 5(d) in terms of equivalency of H, evolved versus
time, which shows that (i) in the presence of the same amount
of Ru@rGO only the catalytic hydrolysis of AB can occur at
100% conversion. As well as the volumetric measurement of
the hydrogen evolution, the complete conversion of ammonia-
borane to ammonium metaborate was also checked by
comparing the intensities of signals of ammonia-borane and
metaborate anion at d=- 23.9 and 9.4 ppm, respectively, in the
""BNMR spectra of the solution (Figure S2), (i) the rate of
hydrogen generation from Ru@rGO catalyzed AB, MeAB and
DMAB was found to be in the order of AB > MeAB > DMAB
that agrees with the rate of catalytic reduction of Cr(VI) in the
presence of these amine-boranes. The rate of the catalytic
reduction of Cr(Vl) and the catalytic hydrogen generation plus
their conversions in the presence of different amine-boranes
are tabulated in Table 1.

Before starting to kinetic studies, to optimize catalytic
reaction conditions, the effect of ruthenium loading was
investigated in Ru@rGO catalyzed Cr(VI) reduction in the
presence of AB. For this purpose, five Ru@rGO samples with
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Figure 5. UV-vis spectra for Ru@rGO (10.0 mg, 1.2% wt Ru; 1.19 pol Ru)
catalyzed reduction of aqueous (10.0 mL) K,Cr,0, (29.4 mg; 0.1 mmol Cr,0,%")
in the presence of (a) ammonia-borane (31.8 mg; 1.0 mmol NH;BH,), (b)
methylamine-borane (41.8 mg; 1.0 mmol CH;NH,BH,), (c) dimethylamine-
borane (58.9 mg; 1.0 mmol (CH;),NHBH,) at 25 °C, (d) the equivalency of H,
generated versus time graph for Ru@rGO (30 mg, 1.2% wt Ru; 3.75 umol Ru)
catalyzed hydrolysis of aqueous AB, MeAB and DMAB (1.0 mmol in 10.0 mL
H,0) at 25 °C under air.
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Table 1. The catalytic performance of Ru@rGO in terms of initial rates and conversions in the catalytic reduction of Cr,0,?~ and the catalytic hydrolysis of
amine-boranes (AB, MeAB, and DMAB) performed at 25 °C under air.

Catalytic Reduction of Cr,0,%~

Reducing Agent Initial Rate?

Conversion (%)°

Catalytic Hydrolysis of Amine-Borane
Initial Rate® Conversion (%)?

AB (NH,BH;) % 100
MeAB (CH;NH,BH) 33 92
DMAB ((CH,),NHBHS) 18 18

5.64 100
0.98 82
0.32 65

t=500 sec.

@l Initial rate was defined as x 107> min.”" by considering the region where 20% conversion is achieved,” Conversion was calculated at t=180 min.,"” Initial
rate was defined as the equivalency of H, generated/min. by considering the region where 20% conversion is achieved,”” Conversion was calculated at

different ruthenium loadings (0.3, 0.8, 1.2, 2.6 and 4.8% wt Ru)
were prepared by following the same methodology and tested
as a catalyst in AB assisted Cr(VI) reduction under identical
conditions. The results of these experiments in terms of initial
rate-conversion versus % wt Ru loadings are given in Figure 6,
which shows that the highest catalytic performance can be
attained by using Ru@rGO catalyst with 1.2% wt Ru loading,
which indicates that ruthenium nanoparticles in this sample are
more accessible with respect to other tested Ru@rGO catalysts.
The small size of the resulting ruthenium nanoparticles in
Ru@rGO catalyst with 1.2% wt Ru loading may be another
reason as the informative TEM image of Ru@rGO catalyst with
4.8% wt Ru loading is revealing that the formation of highly
clumped ruthenium nanoparticles on the surface of rGO
(Figure S3). It should also be noted that metal-free rGO was
found to be catalytically inactive in AB assisted Cr(VI) reduction
under identical conditions that followed for Ru@rGO catalysis.

The kinetic studies for Ru@rGO catalyzed Cr(VI) reduction in
the presence of AB were performed depending on the catalyst
([Rul), reducing agent ([AB]) concentrations and temperature.
First, the effect of catalyst concentration ([Ru]) on the rate of Cr
(V1) reduction was studied at the constant substrate ([Cr,0,%7]),
reducing agent ([NH;BH;]) concentrations and temperature. As

2.0

0—0 —CI—Initial Rate | | 100
—QO— Conversion
- 98

Initial Rate (min. ‘)

0.

\n
o

T

©°

=]

(24) uoisianuoy

=
/ - 86
0.5
- 84
| d

0.0 T T T 80

3 4 5

o -
X

Ruthenium Loading (% wt Ru)

Figure 6. The initial rate-conversion versus ruthenium loading (% wt) graph
for aqueous (10.0 mL) K,Cr,0, (29.4 mg; 0.1 mmol Cr,0,>") reduction in the
presence of AB (31.8 mg; 1.0 mmol NH;BH;) by using Ru@rGO catalyst (in all
1.19 pol Ru) with various Ru loadings (0.3, 0.8, 1.2, 2.6 and 4.8% wt Ru) at
25°C under air.
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can be seen from UV-vis spectra of the reaction solution
(Figure S4) at t= 2 min. (Figure 7(a)) for Cr(VI) reduction
catalyzed by Ru@rGO catalyst with various ruthenium concen-
trations under identical conditions, the increase in ruthenium
concentration enhances the rate of the catalytic Cr(VI) reduc-
tion. Figure 7(b) presents the remaining fraction of Cr(VI) ([Cr
(VII/[Cr(VD]1,] versus time graphs for the catalytic reduction of Cr
(VI) starting with different concentrations of Ru in Ru@rGO
catalyst as one expected from a preformed catalyst, a nearly
linear catalytic reduction starts without induction period and
continues until to the end. The initial rates constants (ki) Of
catalytic reduction were determined from the linear portions of
each plot in Figure 7(b) (0.048, 0.096, 0.180 min.”' for Ru
concentrations of 0.089, 0.119 and 0.178 mM, respectively).
Plotting the initial rate constants (ki) Vversus ruthenium
concentration, both in logarithmic scales (Figure 7(c)), gives a
straight line (y=1.46 + 1.83x) with a slope of 1.83 indicating
that Ru@rGO catalyzed reduction of Cr(Vl) in the presence of
AB is the second order with respect to the ruthenium
concentration.

Then, to understand the effect of reducing agent concen-
tration ([AB]) on the rate of Ru@rGO catalyzed Cr(VI) reduction
a series of experiments were performed by varying AB
concentrations (50, 100 and 200 mM) at constant substrate
(ICr0,%]), catalyst ([Ru]) concentrations and temperature. UV-
vis spectra of the reaction solution taken at t= 2 min. of these
catalytic tests are given in Figure 8(a) (Figure S5) as seen from
Figure 8(a) the rate of the catalytic Cr(VI) reduction increases by
the increase of the reducing agent concentration. Fig. 8(b)
shows the remaining fraction of Cr(VI) ([Cr(VII/[Cr(VI)]o] versus
time graph for Ru@rGO catalyzed Cr(VI) reduction starting with
various AB concentrations at 25 °C under air, and the initial rate
constants (ki,s) Were determined to be 0.045, 0.096 and
0.245 min~' for AB concentrations of 50, 100 and 200 mM,
respectively. The plot of Ink;. versus In[AB] graph given in
Figure 8(c) has a straight line (y=-10.81 + 1.03x) with a slope
of 1.03, which reveals that the Ru@rGO catalyzed Cr(VI)
reduction in the presence of AB proceeds in first order with
respect to ammonia-borane concentration.

Next, the effect of temperature on the rate of Ru@rGO
catalyzed Cr(VI) reduction in the presence of AB was examined
by performing the catalytic reaction at different temperatures
(25, 35 and 45°C) under air (Figure S6). Figure 9(a) depicts UV-
vis spectra of the reaction solutions taken at t=4 min. of these

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. (a) UV-vis spectra (at t= 0 and 2 min.), (b) the remaining fraction of
Cr(VI) ([Cr(VI)/[Cr(VD)],] versus time graph, (c) the corresponding initial rate
constants versus Ru concentration (both in logarithmic scales) graph for AB
assisted Cr(VI) reduction (0.1 mmol Cr,0,>~, 1 mmol AB in 10.0 mL H,0) over
Ru@rGO catalysts with different Ru concentrations (0.089, 0.119 and

0.178 mM) at 25 °C under air.

catalytic reductions as anticipatedly the temperature increase
improves the rate of the catalytic Cr(Vl) reduction. The
remaining fraction of Cr(VI) ([Cr(VII/[Cr(V)]0] versus time graph
for Ru@rGO catalyzed Cr(VI) reduction in the presence of AB at
different temperatures is given in Figure 9(b), from which the
activities at different temperatures in terms of initial turnover
frequency values (TOF) were determined and found to be 7.6,
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Figure 8. (a) UV-vis spectra (at t= 0 and 2 min.), (b) the remaining fraction of
Cr(VI) ([Cr(VI/[Cr(VD)]o] versus time graph, (c) the corresponding initial rate
constants versus AB concentration (both in logarithmic scales) graph for
Ru@rGO catalyzed Cr(VI) reduction (0.1 mmol Cr,0,%7, 1.19 pol Ru in 10.0 mL
H,0) starting with various AB concentrations (50, 100, 200 mM) at 25 °C
under air.

12.2 and 15.6 mol Cr,0,>/mol Ru.min at 25, 35 and 45°C,
respectively.

These activity values are higher than those previously
obtained in formic acid assisted Cr(VI) reduction by using
Pd@polymerNF (2.32 mol Cr,0,°/mol Pd.min at 50°C),"” Pd
tetrapods (4.23 mol Cr,0,>/mol Pd.min at 50°C),*® PdPt
bimetallic nanoparticles (1.66 mol Cr,0,>/mol metal.min at
45°0)," Au@Pd (core@shell) nanoparticles (6.20 mol Cr,0,>/
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Figure 9. (a) UV-vis spectra (at t= 0 and 4 min.), (b) the remaining fraction of
Cr(VI) ([Cr(VII/[Cr(VD],] versus time graph for Cr(VI) reduction (0.1 mmol
Cr,0,%7, 1.19 pol Ry, 1.0 mmol AB in 10 mL H,0) over Ru@rGO catalyst at
different temperatures (25, 35 and 45 °C) under air, (c) the Arrhenius plot for
Ru@rGO catalyzed Cr(VI) reduction in the presence of AB.

mol metal.min at 45°C)*? PdPt-ITO (9.52 mol Cr,0,> /mol
metal.min at 50°C),** PdCu nanocubes (7.12 mol Cr,0,* /mol
metal.min at 40°Q)“ and PdCu/ZIF-8 (4.22 mol Cr,0,>/mol
metal.min at 35°C)."” In order to find the activation energy
(Ea), the Arrhenius graph was constructed by plotting log TOF
versus 1/T given in Figure 9(c), and from the linear Arrhenius
behavior (y=13.5 - 2917x), we calculated the activation energy
to be 24.2 kJ/mol for Ru@rGO catalyzed Cr(VI) reduction in the
presence of AB. To the best of our knowledge, this is the lowest
value ever reported for catalytic Cr(Vl) reduction in the
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formic acid was used as reducing agent.

Although, the detailed mechanistic studies are still perform-
ing in our research group, we think that the main mechanism
of AB assisted Cr(VI) reduction is similar to that of FA assisted
Cr(Vl) reduction. In our system, AB undergoes catalytic
hydrolysis and generates H,, then, H, adsorbed on the surface
of active metal nanoparticles subsequently reduces Cr(VI) to Cr
() via an H, transfer pathway.?%* 49

The catalytic stability of Ru@rGO was also examined by
carrying out the reusability experiments in the catalytic
reduction of Cr(Vl) in the presence of AB. After the complete
reduction of Cr(VIl), Ru@rGO catalyst was isolated as a black
powder bottled under argon atmosphere and kept in glove-
box. Then, the isolated Ru@rGO catalyst was reused in the
same catalytic reaction under identical conditions. This reused
catalyst preserved 80% of its initial activity with a 90%
conversion of Cr(VI) to Cr(lll) even at 5" catalytic reuse
(Figure 10). The TEM image of Ru@rGO catalyst harvested after
5™ catalytic reuse (Figure10) shows the existence of clumped
ruthenium nanoparticles on the surface of rGO, which explains
the observation of minor decrease (~5%) in both activity and
conversion. The adsorption of chromate ion onto the surface of

100 4 a - 100
o
A
A
90 0 A I %0
Z (¢
2
3 e+ o} - 80
T
1]
H
‘®
T 704 L 70
-9
®
60 < L 60
- T T Ll T 1 -
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—S0nm_

Figure 10. Retained catalytic performance (activity and conversion) versus
the number of catalytic reuse for the reusability performance of Ru@rGO in
the catalytic reduction of Cr(Vl) in the presence of AB and TEM image of
Ru@rGO harvested after 5™ catalytic reuse; clumped ruthenium nanoparticles
are labelled in a black circle.
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catalytic material was also examined by ICP-OES analysis of Cr
in the reused catalyst and we found that there is no Cr exists in
the reused catalytic material. Moreover, the analysis of
ruthenium content in the reused Ru@rGO catalyst and the
aliquot taken from the reaction solution at 5" reuse by ICP-OES
indicates that no leaching of ruthenium into the reaction
solution. These results are indicative of the high stability of
Ru@rGO catalyst against agglomeration and leaching through-
out the catalytic reuse in the Cr(VI) reduction.

Conclusion

In this study, reduced graphene oxide (rGO) supported
ruthenium nanoparticles (Ru@rGO) were prepared, character-
ized and used as heterogeneous catalyst in the reduction of Cr
(V) to Cr(lll) in the presence of amine-boranes (AB, MeAB,
DMAB) under mild conditions (at room temperature under air).
Some of the major conclusions of this study can be
summarized as follows:

(@) Ru@rGO catalyst was prepared by following a two-steps
procedure comprising of a double-solvent method and chem-
ical reduction technique with high reproducibility. The charac-
terization of Ru@rGO by means of ICP-OES, P-XRD, XPS, HR-XPS,
FE-SEM, TEM, HRTEM and STEM-EDX techniques revealed that
the formation of well-dispersed 2.7 + 0.9 nm ruthenium(0)
nanoparticles on the surface of reduced graphene oxide,

(b) AB, MeAB and DMAB were used for the first time as
reducing agent in the Ru@rGO catalyzed reduction of Cr(VI) to
Cr(lll) at room temperature. The catalytic tests reveal that
Ru@rGO catalyzed Cr(Vl) reduction in the presence of AB
proceeds faster than those of performed in the presence of
MeAB and DMAB, this result is in agreement with their strength
of reducing ability (AB > MeAB > DMAB),

(c) Ru@rGO catalyzes Cr(VI) reduction in the presence of AB
with an initial turnover frequency (TOF,,.) of 7.6 mol Cr,0,>7/
mol Ru.min even at room temperature and under air, this value
is higher than the majority of the previously reported catalytic
systems in which formic acid used as a reducing agent for Cr
(V1) reduction,

(d) Testing the isolability and reusability of Ru@rGO showed
that Ru@rGO catalyst retains 80% of its initial activity at 90%
conversion in the catalytic reduction of Cr(VI) to Cr(lll) even at
5" catalytic reuse. Moreover, ICP-OES and TEM analyses of
disclosed that ruthenium nanoparticles display remarkable
stability against to agglomeration and leaching throughout the
reusability experiments,

(e) The quantitative kinetic studies depending on catalyst
[Ru], reducing agent [AB] concentrations and temperature
disclose that () Ru@rGO catalyzed Cr(Vl) reduction in the
presence of AB is second and first order with respect to Ru and
AB concentrations, respectively, (i) the activation energy of
Ru@rGO catalyzed Cr(VI) reduction in the presence of AB was
found to be 24.2 kJ/mol, which is the lowest Ea value reported
for the catalytic reduction of Cr(VI) in the presence of reducing
agents,
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Supporting Information Summary

All experimental details, "BNMR, TEM, UV-vis spectroscopy
results are given in the Supporting Information.
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