
Received: 26 May 2017 Revised: 12 September 2017 Accepted: 14 September 2017
RE S EARCH ART I C L E

DOI: 10.1002/er.3918
Carbon supported bimetallic Ru‐Co catalysts for H2

production through NaBH4 and NH3BH3 hydrolysis
R. Fiorenza1 | S. Scirè1 | A.M. Venezia2
1Dipartimento di Scienze Chimiche,
Università di Catania, Viale A. Doria 6,
Catania 95125, Italy
2 Istituto per lo Studio dei Materiali
Nanostrutturati CNR, Via Ugo La Malfa
153, Palermo 90146, Italy

Correspondence
S. Scirè, Dipartimento di Scienze
Chimiche, Università di Catania, Viale A.
Doria 6, Catania 95125, Italy.
Email: sscire@unict.it; salvatorescire.
ct@gmail.com
Int J Energy Res. 2017;1–13.
Summary

This work investigates the effect of the addition of small amounts of Ru (0.5‐

1 wt%) to carbon supported Co (10 wt%) catalysts towards both NaBH4 and

NH3BH3 hydrolysis for H2 production. In the sodium borohydride hydrolysis,

the activity of Ru‐Co/carbon catalysts was sensibly higher than the sum of

the activities of corresponding monometallic samples, whereas for the ammo-

nia borane hydrolysis, the positive effect of Ru‐Co systems with regard to cata-

lytic activity was less evident. The performances of Ru‐Co bimetallic catalysts

correlated with the occurrence of an interaction between Ru and Co species

resulting in the formation of smaller ruthenium and cobalt oxide particles with

a more homogeneous dispersion on the carbon support. It was proposed that

Ru°, formed during the reduction step of the Ru‐Co catalysts, favors the H2 acti-

vation, thus enhancing the reduction degree of the cobalt precursor and the

number of Co nucleation centers. A subsequent reduction of cobalt and ruthe-

nium species also occurs in the hydride reaction medium, and therefore the

state of the catalyst before the catalytic experiment determines the state of the

active phase formed in situ. The different relative reactivity of the Ru and Co

active species towards the two investigated reactions accounted for the different

behavior towards NaBH4 and NH3BH3 hydrolysis.
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1 | INTRODUCTION

The use of hydrogen as energy transporter appears as a
key factor to boost the transition from fossil fuels to
renewable energy in the frame of a sustainable future.1,2

Hydrogen has the key advantage of being a clean and
energetic fuel but also needs tricky steps to be produced,
purified, stored, and distributed. In particular, the storage
of H2 represents both a scientific and technical challenge.

Among H2 storage materials, as carbon nanostruc-
tures,3 metal‐organic frameworks,4 alcohols,5 formic
acid,6,7 chemical hydrides attracted special attention
because of their high gravimetric/volumetric H2 storage
wileyonlinelibrary.com/journal/
capacities,8 being also a suitable pure H2 source for PEM
fuel cell technology,9 mainly for portable applications,
like computers and cellular phones.

Chemical hydrides are able to produce H2 by means of
a simple hydrolysis reaction and, generally, exhibit good
stability during their storage before use. Among different
hydrides, sodium borohydride (NaBH4, thereinafter
denoted SB) has been up to now regarded as the most
promising, due to good H2 storage capacity (10.9 wt%),
high stability in alkaline solution, and nonflammability
of this hydride.10 The NaBH4 hydrolysis for hydrogen
production (NaBH4 + 2H2O ↔ NaBO2 + 4H2) is an exo-
thermic reaction occurring even at 0°C, with the nontoxic
Copyright © 2017 John Wiley & Sons, Ltd.er 1
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sodium metaborate (NaBO2) as only by‐product. At
pH > 13, NaBH4 is stable, H2 release taking place only
in the presence of suitable catalysts, such as Ru,11,12

Co,13,14 Pt,15,16 Ni,17 or Pd,18 leading to “hydrogen on
demand” systems.9,10 A recent study of Demirci9 pointed
out as 98% of the papers dedicated to catalysis of SB
hydrolysis were focused on heterogeneous supported
metal catalysts, whereas only 2% used homogeneous
catalysts. The use of heterogeneous catalysts allows an
easy control of the H2 generation rate just by acting
on the flow of the hydride solution through the catalyst,
making these systems more appropriate for hydrogen on
demand applications.9,10 A key parameter to take into
account in the case of heterogeneous catalysts is the
support used, which can significantly act on the perfor-
mance of metal catalysts.11 Most used supports in NaBH4

hydrolysis were activated carbon,9,11,19 alumina,20 and ion
exchange resins.21

More recently, ammonia borane (NH3BH3, coded AB)
was accounted an interesting alternative to SB, exhibiting
higher H2 capacity (19.6 wt%) together with a low toxicity
and a high stability in ambient conditions.22,23 The stabil-
ity of AB at pH 7 is of practical importance as it allows the
use of a larger number of supports, as silica, ceria, and
zeolites,24-26 not suitable under the strongly basic pH con-
ditions of the SB solution. Several catalysts have been
found effective in accelerating NH3BH3 hydrolysis
(NH3BH3 + 2H2O → NH4BO2 + 3H2), namely, noble
metals,27,28 nonnoble metals,29,30 and B‐containing
nanocomposites.31

For both SB and AB hydrolysis precious metal
catalysts (Pt, Rh, and Ru) exhibited significantly better
performance than nonnoble metal ones. Among noble
metals, Ru catalysts are the favored alternative for both
SB and AB hydrolysis as Ru is sensibly less expensive than
Pt and Rh. In previous works, we found that Ru on acti-
vated carbons represents one of the best catalytic systems
for the SB hydrolysis reaction, the Ru precursor and the
support properties strongly affecting the catalytic perfor-
mance.11,19 The better performance of the carbon support
compared to ceria, alumina, and titania was ascribed to
both higher surface area and chemical inertness of the
carbon at basic pH values required by SB hydrolysis.11

The scarcity of Ru or the high price of other noble
metals encourage the exploration of new routes to reduce
the amount of these metals or substitute them with less
expensive ones with comparable catalytic properties. The
most investigated element is cobalt, which well balances
catalytic activity and cheapness.1

It is recognized that the performance of bimetallic
catalysts is often superior as compared to the
1References 8,9,13,14,17,20,26,29,32.
corresponding monometallics.33,34 Up to now, the
bimetallic alloy nanoparticles made of Co or Ni and
noble metal (Rh, Ru) have emerged as catalysts with high
performance for the hydrogen production by hydrolysis of
both SB and AB.35-37 For instance, Krishnan et al35

reported that the efficiency of Pt‐Ru bimetallic system
towards SB hydrolysis is almost double of either Ru or
Pt (all catalysts supported on LiCoO2), whereas Rachiero
et al37 observed that Ru‐Co alloys supported on γ‐Al2O3

give higher H2 generation rates in the AB hydrolysis than
bare single monometallic samples. On this basis, we here
investigated both the NaBH4 and the NH3BH3 hydrolysis
over mono and bimetallic Ru‐Co/activated carbon
catalysts with the aim to get a better insight on the mech-
anism of these reactions and on the role of ruthenium and
cobalt species in affecting the catalytic performance of
this system. As far as we know, this is the first paper
comparing the hydrolysis of NaBH4 and NH3BH3 over
the same bimetallic catalytic system.
2 | EXPERIMENTAL

Mono and bimetallic Co and Ru supported catalysts were
made by incipient wet (co)impregnation with water solu-
tions of Co(NO3)2 (Sigma Aldrich) and Ru(NO)(NO3)3
(Alfa Aesar). The support was a vegetable activated
carbon (Sicarb), obtained by exhausted olive cake with
1200 m2·g−1 surface area. The metal loading of catalysts
was 10 wt% for Co and/or 0.5 to 1 wt% for Ru. Before
use, catalysts were kept in an oven overnight at 120°C.
Catalysts were coded Co/C for the monometallic Co sam-
ple and XRu/C and XRuCo/C for monometallic Ru and
bimetallic Ru‐Co samples, respectively, where X was the
Ru wt%. It is worth to notice that in the presence of Ru
and/or Co, the surface area of the carbon was not consid-
erably modified according to both the relatively low metal
loading and the high support porosity.

The experimental setup for the catalytic experiments
consisted in a magnetically stirred batch glass reactor
(100 mL) with 3 necks, the central one is used to allow
entering the solution and the catalyst into the reactor,
and the two other ones are used to measure the reaction
temperature by a thermocouple and to convey and quan-
tify the evolved H2. To rule out temperature effects due to
the exothermic reaction, the reaction temperature was
kept constant (±0.3°C) using an externally circulating
ethylene glycol and water mixture.

In the case of SB hydrolysis, NaBH4 (Fluka, 96%
purity) was dissolved in NaOH (4 wt% solution) to obtain
10 wt% sodium borohydride solution. Fifteen milliliters of
this solution was added to 25 mL of NaOH (4 wt%) and
transferred to the jacketed reactor. When the temperature
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was stable, 0.1 g of the catalyst (14‐20 mesh) was added in
the reactor. The amount of produced H2 was evaluated by
a gas flowmeter.

In the case of AB hydrolysis, catalytic tests were
performed using the water displacement method. Ten mil-
ligrams of catalyst (14‐20 mesh particle size) was placed in
the jacketed reaction flask thermostated at the chosen tem-
perature (25°C, 35°C, or 45°C) with 10 mL of deionized
water and kept under stirring. Twenty‐five milligrams of
AB powder were then added to the flask. The amount
of the evolved H2 was determined through an inverted,
water‐filled burette placed in a water‐filled vessel.

Catalytic activity was reported as H2 yield, namely,
the fraction between the volume of produced H2 and the
stoichiometric one, and as initial rate, computed from
the conversion curve slope against time (t) at t = 0.11,19

Before each test, samples were reduced in situ in H2 at
300°C for 1 hour.

Temperature programmed reduction (H2‐TPR) was
measured under flow of 5 vol% H2 in Ar using a TCD
detector, heating the sample with a rate of 10°C/min.
The effluent gas was analyzed by an online gas chromato-
graph, equipped with a packed column with 10% FFAP on
Chromosorb W and a FID detector, and by a VG
quadrupole mass spectrometer. Samples were dried before
experiments in air at 120°C for 2 hours.

The BET method, with nitrogen adsorption at nitro-
gen liquid temperature, was used for determination of
the surface area by means of a Sorptomatic 1990 instru-
ment (Thermo Quest), outgassing samples at 120°C and
10−3 Torr before tests.

A Bruker instrument using Ni‐filtered Cu Ka radiation
was used to perform X‐ray diffraction (XRD) analysis. A
proportional counter and a 2θ integration step size of
0.05° were used. The assignment of the crystalline phases
was made using the JPDS powder diffraction file cards.38

Before XRD measurements samples were treated ex situ
in H2 at 300°C for 1 hour.

X‐ray photoelectron spectroscopy (XPS) analyses were
performed with a VG Microtech ESCA 3000 Multilab,
using the unmonochromatized AlKa source (1486.6 eV),
operated at 14 kV and 15 mA. Pass energies of 50 and
20 eV were used, respectively, for the survey and the indi-
vidual peak energy regions. Binding energies (precision of
±0.15 eV) of the powder samples were referenced to the C
1s binding energy of the carbon carrier, set at 284.5 eV.
Qualitative and quantitative analysis of the peaks was per-
formed with a software provided by VG performing the
fitting procedure according to Shirley and Sherwood.39,40

Before XPS measurements, samples were treated ex situ
in H2 at 300°C for 1 hour.

Transmission electron microscopy (TEM) photos were
obtained on powdered samples by a Jeol, JEM 2010
instrument. After ultrasonication in ethanol, a few
droplets of the sample suspension were deposited on a
Cu grid coated by a holey carbon film and after evapora-
tion of the solvent introduced into the microscope
column. Before tests, samples were pretreated ex situ in
H2 at 300°C for 1 hour.

Metal dispersion was determined by CO pulse chemi-
sorption at room temperature. Before measurements,
samples were pretreated in situ in H2 at 300°C for 1 hour.
3 | RESULTS AND DISCUSSION

3.1 | Catalytic activity and kinetic
measurements

In Figure 1, the H2 yields at 35°C in the NaBH4 hydrolysis
against reaction time over carbon supported mono and
bimetallic Ru and Co catalysts are compared. In particu-
lar, Figure 1A shows the activity of the Ru‐Co series with
lower (0.5 wt%) Ru content (Co/C, 0.5Ru/C, and
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0.5RuCo/C samples) whereas in Figure 1B, the series with
higher (1 wt%) Ru content (Co/C, 1Ru/C, and 1RuCo/C
samples) is reported. The following trend of activity was
observed: 1RuCo/C > 0.5RuCo/C > > 1Ru/C ≈ Co/
C > 0.5Ru/C. It must be underlined that the activity of
Ru‐Co bimetallic catalysts sensibly exceeded the sum
of the activities of corresponding monometallic samples,
as also confirmed by the kinetic constants reported in
Table 1. The good linearity of H2 yield versus reaction
time observed in the first portion of the data indicates that
the reaction of NaBH4 hydrolysis over mono and bimetal-
lic Ru‐Co/carbon catalysts, under the experimental condi-
tions used, is zero order with regard to the hydride
concentration. This accords with literature on other Ru/
carbon samples under similar temperature and NaBH4

concentration conditions.19,41 Considering a zero reaction
order, kinetic constants and activation energies were com-
puted for all investigated catalysts and reported in Table 1.
It is possible to note that activation energies (Ea) exhibit
comparable values (56‐69 kJ·mol−1) with those described
in the literature on variously supported ruthenium
catalysts.11,12,19,20,41 Noteworthy, Ea values reported in
the literature appear strongly dependent on the support,
the Ru content, and the metal precursor used.

The hydrolysis of ammonia borane (Figure 2) exhib-
ited quite a different behavior than that of sodium
borohydride. In fact, in the AB hydrolysis, the bimetallic
0.5RuCo/C sample had slightly better performance
compared to the monometallic 0.5Ru/C one (Figure 2A),
whereas no increase in the activity was found on the
bimetallic sample with higher amount of Ru (1RuCo/C
sample, Figure 2B). The order of activity was 0.5RuCo/
C > 1Ru/C ≈ 1RuCo/C > 0.5Ru/C > > Co/C. Assuming
also in this case a zero‐order reaction, the rate constants
for H2 production were calculated at different tempera-
tures from the slope of the linear part of each plot given in
Figure 2 and used to estimate the Ea with Arrhenius
equation. The apparent Ea for the hydrolysis of AB
(Table 2) over Ru catalysts were similar to those reported
in the literature for other supported ruthenium
catalysts.27,37,42 Interestingly, the Co/C sample exhibited
an activation energy (57 kJ·mol−1) much higher than
TABLE 1 Kinetic data of SB hydrolysis of investigated samples

k × 10−2 (LH2 gcat
−1·min−1)

Catalyst 15°C 25°C 35°C 45°C Ea, kJ·mol−1

Co/C ‐ 39 88 201 64.6

0.5Ru/C ‐ 37 87 207 67.8

1Ru/C ‐ 35 89 206 69.8

0.5RuCo/C 67 159 340 ‐ 59.7

1RuCo/C 73 155 342 ‐ 56.3
monometallic Ru/C and bimetallic Ru‐Co/C samples,
which showed Ea ranging between 29 and 35 kJ/mol.
Similar activation energy was reported for the AB
hydrolysis using Co/γ‐Al2O3.

43

It is important to underline that both for SB and AB
hydrolysis the activity was almost unchanged reusing
the same lot of catalyst, after filtration and water washing,
for 3 consecutive experiments, pointing to a good stability
of the catalytic system.
TABLE 2 Kinetic data of AB hydrolysis of investigated samples

k × 10−2 (LH2 gcat
−1·min−1)

Catalyst 25°C 35°C 45°C Ea, kJ·mol−1

Co/C 3 5 13 57.0

0.5Ru/C 11 20 27 35.5

1Ru/C 18 25 39 30.1

0.5RuCo/C 19 27 43 31.2

1RuCo/C 16 24 33 29.3



1Ru/C

218°C

354°C (C)

).u.a
03

z/
m(langi

50 100 150 200 250 300 350 400 450 500

296°C

H
2 

co
ns

um
pt

io
n 

(a
.u

.)
H

2 
co

ns
um

pt
io

n 
(a

.u
.)

.u
.)

Temperature (°C)

Co/C

242°C

379°C (A)

100 200 300 400 500

).u.a
03

z/
m (l ang i

S

Temperature (°C)

225°C

50 100 150 200 250 300 350 400 450 500

Temperature (°C)

0.5Ru/C

218°C

375°C (B)

100 200 300 400 500

).u.a
03

z/
m(l angi

S

Temperature (°C)

FIORENZA ET AL. 5
3.2 | Catalyst characterization

Figure 3 shows the H2‐TPR profiles of investigated
samples in terms of H2 consumption versus temperature
(from 50°C to 500°C). For all samples, it is possible to note
two main hydrogen consumption intervals, the first one at
lower temperature (between 200°C and 300°C) and the
second at higher temperature (between 300°C and
450°C). To get a better insight in the reduction features
of investigated samples, deconvolution of the TPR peaks
was performed and the results are depicted in Figure 4
(monometallic samples) and Figure 5 (bimetallic
samples). The estimation of the H2 consumption related
to the deconvoluted peaks is summarized in Table 3. In
the low temperature zone, the monometallic Co sample
(Co/C, Figure 4A) shows a broader signal in the 200°C
to 320°C region, deconvoluted in two peaks at 242°C
and 296°C, respectively. According to the literature,44-46

the lower temperature peak can be assigned to the
H2‐assisted decomposition of the cobalt nitrate
precursor according to the reaction:
3Co(NO3)2 + 8H2 → Co3O4 + 6NO + 8H2O.

47,48 The
formation of NO is confirmed by the analysis of the gases
produced during TPR with online quadruple mass spec-
trometer, as shown by the peak of the m/z 30 mass signal
in the same temperature range (inset of Figure 4A). The
reduction feature at 296°C can be ascribed to the subse-
quent reduction of Co3O4 to CoO. Data reported in
Table 3 indicate that the H2 consumptions of both reduc-
tion features are around 3 times lower than those
expected for the stoichiometric reactions above reported.

In the low temperature zone, the monometallic Ru
samples (0.5Ru/C and 1Ru/C, Figures 4B,C) exhibit a
single reduction peak with a maximum at 218°C. In this
latter case, however, no formation of NO is visible (inset
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Figures 4B,C), reasonably considering that the reduction
of the Ru nitrosylnitrate precursor, Ru(NO)(NO3)3,
proceeds directly to nitrogen according to the following
reaction: Ru(NO)(NO3)3 + 10H2 → Ru + 2 N2 + 10H2O.
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This is in good agreement with H2 consumption data of
Table 3. Unfortunately, due to the high background noise
of the N2 mass signals (m/z 28 and 14), the formation of
molecular nitrogen was not observed.

Figure 5 illustrates the reduction pattern of the bime-
tallic samples. In particular, the deconvolution of the
TABLE 3 H2‐TPR quantification for investigated samples

Catalyst T peaks, °C H2 uptake, mmol/gcat T peaks, °C

Co/C 242 1.76 (4.5)a 296

0.5Ru/C 218 0.50 (0.49)b ‐

1Ru/C 218 0.90 (0.98)b ‐

0.5RuCo/C 252‐266 3.31 310

1RuCo/C 243‐260 3.10 322

aIn parentheses is the expected stoichiometric H2 consumption for the H2‐assisted
bIn parentheses is the expected stoichiometric H2 consumption for the reduction
cIn parentheses is the expected stoichiometric H2 consumption for the Co3O4 to C
reduction peak of the 0.5RuCo/C sample reveals two
features at 252°C and 266°C reasonably assigned to the
contemporaneous reduction of cobalt nitrate and ruthe-
nium species, as confirmed by the formation of NO (see
the inset in Figure 5A). The formation of NO was detected
also for the 1RuCo/C sample (Figure 5B) that exhibits a
large peak at 243°C with a component at 260°C, also in
this case, ascribed to the contemporaneous reduction of
cobalt and ruthenium precursors. The components at
310°C (0.5RuCo/C) and 322°C (1RuCo/C) were
reasonably assigned to the reduction of Co3O4 to CoO.
Noticeably on the bimetallic samples, the reduction peaks
attributed to ruthenium and cobalt species are shifted to
higher temperature compared to the monometallic
catalysts, pointing to a harder reduction of the metal
precursors49,50 and a stronger metal‐support interaction
occurring when Ru‐Co bimetallic nanoparticles are
present on the carbon support. Interestingly, the H2

consumption of the bimetallic samples for the above
reduction features exceeds the sum of those of the
corresponding monometallics (Table 3). Even though it
is not possible to discriminate between the single
reduction components, this behavior suggests that on
bimetallic Ru‐Co samples a higher amount of Co2+ was
formed during the reduction process.

In the high temperature zone, all samples show a
main H2 consumption broad peak in the 350°C to 400°C
range. According to the mass signals (Figure 6), this fea-
ture can be ascribed to the methanation of reactive carbon
species of the support. In fact, on each sample, the m/z 15
signal gradually increased and reached a maximum in the
same temperature range at which the high temperature
H2 consumption took place. Interestingly, the presence
of ruthenium seems to favor the methanation process,
with all Ru‐based samples (0.5Ru/C, 1Ru/C, 0.5RuCo/C,
and 1RuCo/C) showing peaks at lower temperature with
higher H2 consumption compared to the Co/C sample.
The H2 consumption occurring at T > 400°C, clearly
visible in the deconvolved TPR profiles of all samples
(Figures 4 and 5), can be reasonably ascribed to the
H2 uptake, mmol/gcat T peaks, °C H2 uptake, mmol/gcat

0.46 (1.1)c 379 1.78

‐ 375 3.21

‐ 354 3.18

0.57 372 3.96

0.54 392 3.84

decomposition of the cobalt nitrate.

of Ru nitrosylnitrate.

oO reduction.
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gasification of less reactive carbon bulk species, as
confirmed by the corresponding significant increase in
the m/z 15 mass signal due to methane formation51

(Figure 6). According to the literature, the reduction of
CoO to metallic cobalt occurs at T > 350°C,52,53 overlap-
ping with the methanation of reactive carbon species of
the support, which takes place in the same temperature
range, thus making impossible an affordable quantifica-
tion of Co2+ → Co° reduction degree.

Table 4 summarizes the results of XPS analysis. These
data pointed out an increase in the amount of surface Co
species in the RuCo/C samples with respect to the mono-
metallic Co sample, whereas the quantity of surface Ru
species remains almost the same as in the monometallic
Ru samples. Concerning ruthenium analysis, both
TABLE 4 X‐ray photoelectron spectroscopy binding energies (eV) and

Catalyst Co 2p3/2 (FWHM)a Ru 3d5/2 (FWHM) Ru

Co/C 779.9 (2.3)

781.6 (2.3)

0.5Ru/C 281.3 (2.0) 463
466

1Ru/C 281.2 (1.7) 463

466

0.5RuCo/C 779.9 (2.4) 282.0 (2.7) 462

781.7 (2.4)

1RuCo/C 779.7 (2.3) 281.6 (2.4) 462
781.5 (2.3)

aFull width at half maximum.
bThe values in parentheses refer to the analytical atomic ratios.
spectra, Ru 3d5/2 and Ru 3p3/2 were collected. Due to the
overlap of Ru 3d3/2 region with C 1s, a careful fitting pro-
cedure was needed to discriminate the binding energy
position of the Ru 3d5/2 spin‐orbit component, listed in
the table along with the Ru 3p3/2 binding energy. The
Ru 3d5/2 binding energy value in the single metal samples
is at 281.2 ± 0.1 eV typical of Ru4+ species such as in RuO2

oxide.54-56 The significant high energy shift observed in
the bimetallic Ru‐Co samples (281.8 ± 0.2 eV) is an
indication of charge depletion on the Ru ions.55,56 It was
possible to fit the Ru 3p3/2 spectra with two components,
a most intense one at a lower binding energy due to the
Ru4+ and a weaker component at high energy attributable
to a more oxidized ruthenium.

The Co 2p spectra agreed with the presence of the
mixed oxide Co3O4 formed by CoO and Co2O3. Indeed,
the low energy peak at 779.7 ± 0.1 eV is typical of Co3+

whereas the signal at 781.6 ± 0.1 eV with a large shake
up satellite is typical of Co2+.55

Given the overlapping of the Ru 3d and the C 1s
energies, for quantification purpose, the Ru 3p5/2 peak
was used. As reported in Table 4 and as expected from
the adopted impregnation procedure, the larger values of
experimental XPS derived Co/C and Ru/C atomic ratios
as compared to the corresponding analytical ratios
indicated metal surface segregation. The slight decrease
of the Co/C, observed in the bimetallic samples was
likely due to ruthenium segregating over the cobalt
oxide species.

Figure 7 displays the XRD patterns of the investigated
catalysts. The carbon support was present as amorphous
phase characterized by the two broad signals57 at
2θ = 25.6° and 43.7°. The patterns of the monometallic
atomic ratios of investigated samples

3p3/2 (FWHM) O 1s (%) Co/Cb Ru/Ca

531.3 (49) 0.13 (0.02)
529.9 (40)
532.7 (11)

.1 (4.2) 531.0 (40) 0.01 (0.0006)

.4 (4.2) 533.3 (33)
535.7 (27)

.0 (4.0) 530.7 (59) 0.02 (0.001)
532.8 (32)

.0 (4.0) 534.9 (0.9)

.9 (5.5) 529.8 (47) 0.05 (0.02) 0.01 (0.0007)
531.4 (41)
533.3 (12)

.8 (4.9) 529.8 (52) 0.10 (0.02) 0.03 (0.001)
531.3 (38)
533.2 (10)



FIGURE 7 X‐ray diffraction patterns of

tested catalysts (samples reduced ex situ in

flowing H2 at 300°C for 1 h)

TABLE 5 Volume of CO chemisorbed, active species dispersion

and crystallite size of investigated samples

Catalyst
CO Chemisorbed,
mLSTP

Dispersion,
%b

Crystallite Size,
nmc

Co/C 0.98 0.87 12.5 (Co3O4)

0.5Ru/C 2.6 80 5.2 (RuO2)

1Ru/C 4.9 76 5.8 (RuO2)

0.5RuCo/
C

4.44 (1.84a) 3.8 (Co3O4) 8.8 (Co3O4)

1RuCo/C 7.33 (2.43 a) 6.2 (Co3O4) 8.2 (Co3O4)

aThe estimated volume of CO chemisorbed on cobalt oxide species.
bEstimated by CO chemisorption.
cCalculated by Scherrer equation.
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ruthenium catalysts exhibited a peak at 2θ = 29.4°,
attributed to RuO2 (110) reflection of a tetragonal rutile
structure. The absence of the other peaks typical for this
structure reflects a strong preferential crystallographic
orientation. The peak at 2θ = 29.4° is hardly present in
the patterns of the RuCo bimetallic samples containing
clearly the peak at 2θ = 36.8° typical of Co3O4.

58 Accord-
ing to these results, amorphous or RuO2 particle sizes
smaller than 4 nm, limit of detection under the stated
experimental conditions, are suggested. On the contrary,
larger RuO2 particles in the 5‐ to 6‐nm size range are
present in the case of monometallic 1Ru/C and 0.5Ru/C
samples. This observation points out a superior dispersion
of ruthenium particles on the carbon support when Co is
also present. The average crystallite sizes of the particles,
computed by the Scherrer equation on the diffraction
peaks of Co (2θ = 36.8°) for Co/C, 1RuCo/C and
0.5RuCo/C and of RuO2 (1 1 0, 2θ = 29.4°) for 1Ru/C
and 0.5Ru/C, are reported in Table 5. A decrease of the
crystallite size of cobalt oxide species in the bimetallic
samples (around 8 nm) as compared to the monometallic
Co/C sample (around 12 nm) can be observed.

The supported metal catalysts dispersion, ie, the frac-
tion of the surface to the whole number of metal species,
is correlated to the metal particles size. The volume of CO
chemisorbed and the corresponding metallic dispersion
values of investigated samples are reported in Table 5. It
must be underlined that in the case of the Ru‐Co bimetal-
lic samples, the estimation of the volume of CO
chemisorbed on each single species is a tricky question
in so as both species (Ru or Co oxide) are able to chemi-
sorb CO. Anyway, we took into account that (a)
ruthenium is present in small amount (0.5‐1% wt)
compared to Co (10% wt), (b) Ru monometallic samples
exhibited quite high dispersion values (80% and 76%,
respectively, for 0.5Ru/C and 1Ru/C), and (c) XRD data
pointed out a homogeneous Ru distribution on the sur-
face of the bimetallic Ru‐Co catalysts and smaller Ru par-
ticles than the monometallic Ru. Therefore, we consider it
reasonable to estimate the amount of CO chemisorbed on
cobalt oxide species by subtracting the volume of CO con-
sumed by Ru‐Co samples and the theoretical volume of
CO chemisorbed by the corresponding monometallic Ru
catalyst assuming a 100% Ru dispersion. The obtained
data, reported in Table 5, show that the Ru‐Co bimetallic
samples exhibit higher cobalt oxide species dispersion
values (3.8% and 6.2%, respectively, for 0.5RuCo/C and
1RuCo/C) than the monometallic cobalt catalyst (0.87%),
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evidencing a decrease of the cobalt oxide particle size in
presence of ruthenium, as confirmed by XRD data.

The TEM microphotographs of the investigated
samples are reported in Figure 8. The low Ru loading
and the low contrast between Ru and the carbon support
did not allow an affordable determination of the Ru parti-
cle size both in Ru and Ru‐Co catalysts whereas it was
possible to estimate the size of Co oxide nanoparticles,
which were 10 to 12 nm (Figure 8C) in the monometallic
Co/C sample and 5 to 8 nm in the bimetallic 0.5RuCo/C
sample (Figure 8D). The TEM data confirm the XRD
and CO chemisorption results before discussed.
4 | DISCUSSION

The results above described pointed out that the presence
of cobalt oxide species in the Ru/activated carbon system
affects in different ways the catalytic activity of the
hydrolysis of NaBH4 and NH3BH3. In particular, in the
NaBH4 hydrolysis, the bimetallic samples, 1RuCo/C and
10 nm

Co

(C) Co/C

(Carbon(A)

(

FIGURE 8 Transmission electron microscopy photos of investigated s

(samples reduced ex situ in flowing H2 at 300°C for 1 h) [Colour figure
0.5RuCo/C, showed an activity higher than the sum of
those of monometallics samples (Figure 1). As reported
in the literature,11,19,59 active sites in NaBH4 hydrolysis
consist of adjacent metal atoms on which both reagents
(H2O and NaBH4) adsorb, giving an activated complex,
according to the Langmuir‐Hinshelwood model. This is
also consistent with the zero reaction order found with
respect to NaBH4. The characterization results hinted at
the occurrence of a reciprocal interaction between ruthe-
nium and cobalt oxide giving rise to some effects: (a) Ru
surface enrichment in the bimetallic samples as pointed
out by XPS; (b) decrease in the size of both Ru and CoOx

nanoparticles as pointed out by XRD (both for Ru and Co)
and TEM (only for Co); (c) enhanced reducibility of the
Co3O4 to CoO according to TPR. The synergetic interac-
tion between ruthenium and the cobalt oxide species is
mostly due to electronic effects, which become important
when the electronegativity of metals is significantly differ-
ent (in this case, 2.3 for Ru and 1.88 for Co), and to a sta-
bilization role of the cobalt oxide species towards the Ru
metallic phase60 or of the Ru towards the CoO phase. As
0.5Ru/CB)

Co

D) 0.5RuCo/C

amples: A, carbon support; B, 0.5Ru/C; C, Co/C; and D, 0.5RuCo/C

can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


TABLE 6 Comparison of AB hydrolysis activation energies over

RuCo/C catalysts (this work and other RuCo catalysts reported in

the literature)

Catalyst Support
Ea,
kJ/mol Reference

RuCo/C Activated carbon 29.3 This work

RuCo/γ‐
Al2O3

Alumina 50 Rachiero
et al37

RuCo@MIL‐
96

Nanofibrous metal‐organic
framework MIL‐96(Al)

36.0 Lu et al64

RuCo/
Ti3C2X2

Titanium carbide 31.1 Li et al55
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reported in the XPS data (Table 4), the high energy shift of
the Ru 3d binding energy is indicative of an electron inter-
action of Ru with Co leading to an electron depletion over
the ruthenium element. Moreover, the mutual reduction
of particle sizes is not new in mixed oxide morphology
and it is attributable to the insertion of either ion into
the other oxide lattice.61

On account of the reported characterization results, it
can be proposed that metallic Ru° species are formed
during the pretreatment of the catalysts before the activity
tests (reduction with H2 at 300°C), promoting the activa-
tion of hydrogen and then enhancing the reduction
degree of the cobalt precursor salt to Co2+ (as confirmed
by TPR) and therefore the number of cobalt oxide species
nucleation centers. It is also highly probable that a subse-
quent reduction of cobalt and ruthenium species takes
place in the hydride reaction medium. Therefore, the state
of the catalyst before the catalytic experiment has a key
role in determining the state of the active phase formed
in situ. Moreover, as pointed out by XRD, XPS, and
TEM characterizations, the interaction between ruthe-
nium and cobalt oxide favors the formation of smaller
Ru and Co particles with a better dispersion on the carbon
support. The presence of smaller active metal particles is
certainly beneficial for the catalytic activity of bimetallic
Ru‐Co catalysts towards the NaBH4 hydrolysis, which
has been reported to be a structure sensitive reaction,
activity of catalysts depending on the metal particles size.
In particular, the activity was found to increase on
decreasing the particle size of metal active sites,19,62,63 at
least down to a diameter of around 2 nm, which was
accounted to be the optimal one for the NaBH4 hydrolysis
both over Ru19 and Pt catalysts.62 Unfortunately, even
though XRD data (Figure 7) point out that in the bimetal-
lic samples, both Ru and Co particles are smaller than
those of the corresponding monometallic catalysts; the
low contrast between Ru and the carbon support in
TEM images does not allow to determine the real Ru
particle size, then making impossible to establish with
certainty the role of the Ru particle size.

Interestingly, the positive effect of the Ru‐Co interac-
tion in the bimetallic Ru‐Co samples was sensibly less evi-
dent in the case of the NH3BH3 hydrolysis. For this
reaction, in fact, the bimetallic catalysts exhibited a cata-
lytic behavior only slightly better or similar to that of
the corresponding Ru monometallic sample. To explain
the different behaviors of bimetallic Ru‐Co/C samples
towards AB and SB hydrolysis, we must take into account
that the activity of the monometallic Co catalyst towards
AB hydrolysis is much lower than that found in the SB
hydrolysis, Co/C sample being poorly active, more than
one order of magnitude lower than Ru/C samples
(Figure 2 and Table 2), whereas a comparable activity
was observed in the SB hydrolysis over Ru and Co
monometallic catalysts (Figure 1 and Table 1). The lower
activity of monometallic Co catalysts compared to Ru
ones for the AB hydrolysis was in accordance with results
previously reported in the literature.44,55,64 Therefore, in
the case of the AB hydrolysis, the better dispersion of
the cobalt oxide species active sites achieved in the Ru‐
Co/C bimetallic samples with respect to the monometallic
Co/C does not provide any significant improvement in the
catalytic activity, pointing out that Ru sites are much
more important than Co ones in addressing the AB hydro-
lysis activity of bimetallic Ru‐Co/C catalysts. This is in
accordance with the fact that catalytic activity of 1RuCo/
C towards AB hydrolysis was slightly lower compared to
0.5RuCo/C (Figure 2), notwithstanding the cobalt oxide
species dispersion of 1RuCo/C was approximately two
times higher of 0.5RuCo/C (Table 5). Such results well
agree with kinetic data reported in Table 2 for AB hydro-
lysis, indicating much lower values of Ea of monometallic
Ru samples (30‐35 kJ/mol) as compared to monometallic
Co (57 kJ/mol). It must be finally underlined that the
1RuCo/C catalyst exhibits the lowest value of Ea (29 kJ/
mol) compared to other RuCo systems reported in the lit-
erature (see Table 6). This value was only slightly higher
than that observed on a highly active Ni‐Mo/graphene
catalyst (21.8 kJ/mol).65

It can be then supposed that the different relative
reactivity of Co and Ru towards the SB and AB hydrolysis
can account for the different behavior of the bimetallic
Ru‐Co/C catalysts in the above reactions. In fact, also
for AB hydrolysis, a Langmuir‐Hinshelwood reaction
model has been proposed,66,67 involving the interaction
between the NH3BH3 molecule and the metal particle
on the surface forming an activated complex species
(rate‐determining step), with subsequent release of H2

after water interacts with the metal‐H species.37,67 The
stronger affinity between ammonia released during the
hydrolysis and the cobalt oxide species may negatively
affect the catalytic reaction by inhibiting the desorption
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of the reaction products.37,68 As a result, the ruthenium
containing samples are the most active for the
NH3BH3 reaction.
5 | CONCLUSIONS

Data described in this work allow to state that the
addition of small amount of Ru boosts the catalytic perfor-
mance of activated carbon supported Co catalysts towards
the NaBH4 hydrolysis. The activity of the bimetallic
Ru‐Co/carbon samples exceeds indeed the sum of the
activities of monometallic catalysts. The characterization
data pointed out a mutual interaction between ruthenium
and cobalt oxide causing a decrease in the size of Ru and
Co oxide nanoparticles. It was proposed that Ru°, formed
first during the reduction step of the Ru‐Co samples,
favors the H2 activation, enhancing the reduction degree
of the cobalt salt to Co2+ and the number of cobalt oxide
species nucleation centers. Reasonably, a subsequent
reduction of cobalt and ruthenium species also occurs in
the hydride reaction medium and therefore, we can con-
clude that the state of the catalyst before the catalytic
experiment can determine the state of the active phase
formed in situ. The enhancement of catalytic activity of
the Ru‐Co system was much less evident in the case
of the NH3BH3 hydrolysis reaction and this was attributed
to the much lower reactivity of Co species compared to Ru
ones towards the hydrolysis of NH3BH3.
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