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Abstract This paper details NaBH4 hydrolysis over Ru

catalysts supported on activated carbons of different origin

and morphology. The influence of two Ru precursors

[RuCl3 or Ru(NO)(NO3)3] was also investigated. It was

found that the H2 production rate strongly depends both on

the support characteristics and the Ru precursor, the best

performance being obtained using an activated carbon of

vegetable origin as the support and Ru(NO)(NO3)3 as the

precursor. It was concluded that the carbon type and the Ru

precursor mutually affect the size of the supported Ru

nanoparticles with the best combination being the one

leading to Ru particles with diameters around 2.5 nm,

which is regarded as optimal for NaBH4 hydrolysis.
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1 Introduction

The Proton exchange membrane fuel cell (PEMFC) using

hydrogen as fuel is considered one of the most promising

alternatives to combustion engines due to its zero emissions

[1]. In order to operate a PEMFC successfully, a safe and

convenient hydrogen storage and production system is

required [1, 2]. The development of a hydrogen economy

(production, storage, distribution and consumption) is today

quite difficult due to hydrogen flammability and storage

problems [2]. A stabilized aqueous solution of metal hydride

is considered an appropriate material for hydrogen storage

and regarded as an ideal source of pure hydrogen for fuel cell

applications. Diverse metal hydrides were studied, such as

LiH, CaH2, MgH2, NaBH4 and LiAlH4 [3–5]. Among these,

sodium borohydride is the preferred option due to its high

hydrogen storage capacity (10.8 wt%), non-flammability of

its aqueous solution and ability to control hydrogen pro-

duction. Moreover it is economically feasible in comparison

to other hydrides [6–12].

The NaBH4 hydrolysis (NaBH4 ? 2H2O ? NaBO2 ?

4H2) is an exothermic reaction releasing 217 kJ mol-1 of

NaBH4 [13]. It can occur from 0 �C, releasing a non-toxic

by-product such as sodium metaborate (NaBO2) [14, 15].

The self–hydrolysis reaction is inhibited by keeping

NaBH4 solutions at pH [13. At this pH, hydrogen release

occurs only in the presence of specific catalysts, allowing

the development of ‘‘hydrogen on demand’’ systems

(HOD) [13, 16, 17]. Numerous catalysts have been inves-

tigated for NaBH4 hydrolysis, with special attention

devoted to heterogeneous catalysts based on Ru [6, 7, 16,

18–24], Co [25–30], Pt [9–11, 31, 32], Ni [33–35] and Pd

[16, 36, 37]. Ni and Co catalysts have attracted consider-

able interest due to their lower cost compared to noble

metals, whereas Ru is preferred for HOD applications

despite its high price due to its elevated activity.

The choice of the support and the metal precursor can

have a key role in the optimization of the catalytic per-

formance of supported metal catalysts. The support can

directly take part in the reaction mechanism favoring the

adsorption/desorption of the reactants/products on/by the

catalytic system, or it can influence the dispersion of
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the catalytically active species, stabilizing them against

sintering [38]. The precursor used for catalyst preparation

can also affect the dispersion and the metal size of the

active species over the support [24, 39, 40].

Recently we found that Ru supported on an activated

carbon of mineral origin is more active with respect to Ru on

other supports, such as ceria, titania and alumina [24]. This

behaviour was accounted for by the high surface area of the

activated carbon and its high chemical inertness at high pH

values. Moreover, results showed that on the investigated

carbon the Ru precursor also affected the catalytic activity,

with RuCl3 resulting in better performance in terms of H2

production rates with respect to Ru(NO)(NO3)3 [24]. Char-

acterization data showed that the Ru particle size depended

on the precursor used, with Ru(NO)(NO3)3 leading to much

smaller Ru nanoparticles (average diameter \1 nm) com-

pared to RuCl3 (average diameter of 2.4 nm). It was sug-

gested that the NaBH4 hydrolysis on Ru/activated carbon is a

structure sensitive reaction favored by larger Ru clusters,

such as those formed on ex-RuCl3 catalysts.

It is known that activated carbons can exhibit different

chemical and morphological properties as a result of the

origin and the preparation method [41]. On this basis, this

work aimed to evaluate the effect of both the carbon origin

(mineral or vegetable) and the Ru precursor (RuCl3 or

Ru(NO)(NO3)3) on NaBH4 hydrolysis over Ru/carbon

catalysts.

2 Experimental

The preparation of Ru/carbon catalysts (2 wt% Ru) was

carried out by incipient wet impregnation of the support

with an aqueous solution of the precursor, RuCl3 from

Sigma Aldrich or Ru(NO)(NO3)3 from Alfa Aesar. Two

activated carbons were used as support, namely: (a) vege-

table carbon (Sicarb, CA-SANSA), produced from

exhausted olive husks, surface area: 1200 m2g-1; (b) min-

eral carbon (Carbonitalia Srl, E55), surface area:

650 m2g-1. Catalysts were coded as RuX/Y, where X is the

Ru precursor used (N: Ru(NO)(NO3)3 and C: RuCl3) and Y

the activated carbon (M: mineral carbon and V: vegetable

carbon). Two further catalysts were prepared by adding

potassium to the mineral carbon (impregnation with KOH

solution and subsequent treatment at 300 �C in He) prior to

the impregnation with RuCl3 (sample coded as RuC/M–K)

or Ru(NO)(NO3)3 (RuN/M–K sample). It must be noted

that the addition of Ru and/or K did not modify the surface

area of carbon supports due to the low charge of the metal

and the high surface area of the supports.

Activity measurements were carried out at atmospheric

pressure in a 100 ml three-neck flask batch reactor, with a

magnetic stirrer (300 rpm). Both the solution and the cat-

alyst were admitted into the flask through the central neck,

the two lateral ones were respectively used to connect the

thermocouple monitoring the reaction temperature, and a

gas flowmeter measuring the volume of H2 evolved. Before

reaching the flowmeter, the hydrogen passed through a

steam trap containing anhydrous sodium sulphate in order

to remove the water vapour. To rule out possible tempera-

ture effects due to the exothermicity of the reaction,

experiments were carried out in isothermal conditions,

maintaining the reaction temperature at a constant value

(±0.3 �C) by circulation of an ethylene glycol/water solu-

tion in an external jacket connected with a thermostat.

10 wt% sodium borohydride solutions were prepared by

dissolving sodium borohydride (Fluka, purity[ 96%) into a

4 wt% NaOH solution. In a typical experiment the NaBH4

solution (15 ml) was mixed with 25 ml of a 4 wt% NaOH

water solution and then poured into the flask waiting until

the temperature reached a constant value, then the catalyst

(0.1 g, 14–20 mesh grain size) was added to the solution.

The evolved hydrogen flow measured by a gas flowmeter

was reported at standard temperature and pressure (STP)

conditions. Catalytic activity was calculated in terms of H2

yield, i.e. the ratio of the volume of hydrogen experimen-

tally evolved and the theoretical volume obtainable on the

basis of the reaction stoichiometry (NaBH4 ? 2H2O ?
NaBO2 ? 4H2). Before catalytic experiments, Ru sam-

ples were always reduced in flowing hydrogen at 300 �C

for 1 h. Preliminary runs carried out at different flow

rates ruled out external diffusion limitations. The absence

of internal diffusion was verified by experiments with

different grain size powders. Under the experimental

condition of this work, no hydrogen production was

observed with the bare supports.

Surface area measurements were carried out using the

BET nitrogen adsorption method with a Sorptomatic series

1990 (Thermo Quest). Test samples were previously out-

gassed (10-3 Torr) at 120 �C.

Transmission electron microscopy was carried out with

a Jeol JEM model 2010 instrument. The powdered samples

were ultrasonically dispersed in ethanol and a few droplets

of the suspension were deposited on a Cu grid coated with

a holey carbon film. After solvent evaporation, the speci-

mens were introduced into the microscope column. The

average Ru diameter (dTEM) was calculated using the fol-

lowing formula: dTEM =
P

(nidi)/n, where di is the diam-

eter of particle i and the index i is included from 1 and n

(total number of Ru particles).

A ZEIS model LEO 1550, equipped with an EDX

OXFORD 7426 instrument, was used to obtain EDX data.

The analyses were done using primary electron energy of

20 keV.
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3 Results

3.1 EDX Analysis of Activated Carbon Supports

EDX analysis of both vegetable (V) and mineral (M) car-

bons was carried out in order to highlight differences in the

elemental composition of the two activated carbon sup-

ports. EDX spectra reported in Fig. 1 show signals deriving

from the K orbital levels. The penetration thickness of the

incident electron ray is similar for the two carbons

(16.2 lm) considering that they have similar density values

(0.42 g/cm3). The elemental composition for each carbon

by weight % with the relative standard deviations (r) is

shown in Table 1. Carbon and oxygen are the main ele-

ments (around 90 %), with the O/C ratio being higher on

the vegetable carbon, due to the higher concentrations of

oxygenated (carboxyl, carbonyl, hydroxyl) groups on this

type of carbon [41]. The results of Fig. 1 and Table 1

illustrate other differences between the two carbons. In

particular, a significant concentration of potassium

(2.39 wt%) and small amounts of sodium (0.21 wt%) were

found only in V and not in M. Moreover iron (1.51 wt%)

and sulphur (0.36 wt%) were present only in M and silicon

and aluminium were more abundant in M compared to V,

whereas calcium was more abundant in V than in M.

3.2 TEM Analysis and CO Chemisorption Data

of Ru/C Catalysts

Figure 2 shows TEM microphotographs and the corre-

sponding Ru size distributions of RuN/M (a, b), RuC/M (c,

d), RuN/V (e, f) and RuC/V (g, h) catalysts. On all samples

Ru metal particles appear homogeneously distributed on

the carbon surface. The chemical nature of the dispersed

nanoparticles was confirmed by the Fast Fourier Trans-

formation (inset of Fig. 2a), showing diffraction rings

(2.34, 2.13 and 2.05 Å) attributable to Ru with a hexagonal

structure. From Fig. 2 and Table 2, where average Ru

diameters estimated by TEM are summarized, it can be

seen that both the support and the Ru precursor affect the

size distribution of Ru particles. On each support, catalysts

prepared from RuCl3 have bigger Ru particles than those

obtained using Ru(NO)(NO3)3 as the precursor. It is note-

worthy that the above trend was confirmed by CO chemi-

sorption experiments. Ru particle size estimated by

chemisorption data was, in fact, in accordance with that

obtained by TEM (Table 2).

3.3 Catalytic Activity and Kinetic Measurements

Figure 3 reports a comparison among the H2 yield of

investigated Ru/carbon catalysts as a function of reaction

time for NaBH4 hydrolysis carried out at 35 �C. From the

figure it can be seen that the NaBH4 hydrolysis activity was

in the order: RuN/V [ RuC/M [ RuN/M [ RuC/V. The

good linearity in the first portion of the data of H2 yield

versus reaction time clearly demonstrates that NaBH4

hydrolysis over Ru/carbon catalysts, under the experi-

mental conditions employed is a zero order reaction with

respect to NaBH4. This is in accordance with reported data

on other Ru/carbon samples under analogous reaction

conditions (temperature and NaBH4 concentration) [22, 24,

42]. On this basis, the kinetic parameters (kinetic constants

and apparent activation energies) were calculated for each

catalyst, measuring the H2 yield vs. reaction time at four

different temperatures. As a representative example, Fig. 4

shows data obtained at 15, 25, 35 and 45 �C on the most

active sample, namely RuN/V. The results for all four

investigated samples are summarized in Table 2. It is sig-

nificant that activation energies range from 53.4 to

67 kJ mol-1, values which are comparable with those

reported in the literature on supported Ru catalysts [6, 7,

24, 43]. Finally, it must be underlined that the activity did

not significantly change if the same batch of catalyst was

reused, after filtration and washing with water, for three

successive catalytic tests.
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Fig. 1 EDX spectra of investigated supports. a M; b V. The signals

due to carbon and oxygen below 0.4 keV are not shown in the figure

due to their high intensity, which should mask the other elements
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4 Discussion

The catalytic results reported in the previous chapter

showed that the activity of Ru/activated carbon catalysts

depends both on the carbon type and the precursor used.

When the mineral carbon was used as support, the sample

prepared by RuCl3 exhibited higher activity (higher kinetic

constant and lower activation energy) compared to the

corresponding sample prepared from Ru(NO)(NO3)3,

whereas the reverse trend was found on the vegetable

carbon supported system. Characterization data, namely

TEM, CO chemisorption and EDX analysis, helped us to

rationalize the above behaviour. In fact, TEM and CO

chemisorption (Fig. 2 and Table 2), showed that on each

carbon the size of Ru nanoparticles depends on the Ru

precursor used: Ru(NO)(NO3)3 always resulting in smaller

Ru nanoparticles compared to RuCl3. The attainment of Ru

catalysts with higher dispersion using Ru(NO)(NO3)3 has

been reported in the literature in the case of ruthenium

supported on various metal oxides (MgO, Al2O3, SiO2,

H-ZSM5 zeolite) [39, 40, 44–46]. It was proposed that

polymeric hydroxy-species of Ru chloro-complexes are

formed in RuCl3 aqueous solutions, leading to large Ru

particles upon reduction [45, 47]. Data in Table 2 also

showed that the support concurs with the precursor to

determine the Ru particle size. In fact, the mineral carbon

leads to smaller Ru particles than the vegetable one, not-

withstanding this latter having a much higher surface area

(1200 vs. 650 m2g-1), which should instead favour the

spreading of the active metal over the support surface.

EDX analysis (Fig. 1 and Table 1) showed important dif-

ferences in the elemental composition of the two investi-

gated carbons, which can play a key role in affecting the

formation of metal clusters during the catalyst preparation.

In fact, the vegetable carbon exhibits significant amounts of

alkali metals Na, and to a greater extent, K which are

instead absent in the mineral one. According to the

literature, it can be proposed that alkali metals cause the

sintering of supported noble metal nanoparticles [48]. It

must be underlined that the presence of chlorine deriving

from the RuCl3 precursor can boost this effect, acting in

synergy with the alkali metals present on the support, thus

resulting in very large Ru particles such as those found on

the sample prepared by RuCl3 on the carbon of vegetable

origin (RuC/V). In order to verify this suggestion, we

prepared two further catalysts where potassium was added

to the mineral carbon prior to the impregnation with the Ru

solution. The addition of K actually resulted in larger Ru

particles than those formed on the K-free mineral carbon

and the extent of this increase was larger on samples pre-

pared by the Cl-containing Ru precursor (Table 2). It must

be noted that catalytic data reported in Table 2 demon-

strated that the addition of potassium to mineral carbon

caused a decrease in the activity of the ex-RuCl3 sample,

whereas the opposite behaviour was observed on the

ex-Ru(NO)(NO3)3 series. This result can be explained on

the basis of the relationship found between kinetic con-

stants of NaBH4 hydrolysis and Ru particle diameters

(Fig. 5). The figure in fact shows a typical volcano plot

with a maximum of activity around 2.5 nm, confirming that

NaBH4 hydrolysis over Ru/carbon is a structure sensitive

reaction [24] and, specifically, demonstrating that Ru

nanoparticles with an optimal size are required. According

to the literature [13, 22], active sites in NaBH4 hydrolysis

are made of ensembles of adjacent Ru atoms on which the

reagent molecules (H2O and NaBH4) are co-adsorbed to

form the activated complex, following the classical Lang-

muir–Hinshelwood model. This also agrees well with the

observed zero-order of reaction in borohydride. Predict-

ably, Ru particles which are too small do not allow the

formation of the activated complex, whereas with Ru

particles which are too large the probability of finding

active sites strongly decreases. The occurrence of an

optimal size (2 nm) has been already reported by Kojima

Table 1 Elemental

composition of investigated

carbons obtained by EDX

(r = relative standard

deviation)

Element Mineral carbon Vegetable carbon

Weight (%) r Weight (%) r

C 72.61 0.51 66.13 0.63

O 18.08 0.53 23.00 0.59

Na Not present – 0.21 0.05

Mg 0.59 0.05 0.43 0.04

Al 1.88 0.06 0.14 0.03

Si 2.76 0.07 0.89 0.05

P Not present – 0.30 0.04

S 0.36 0.04 Not present –

K Not present – 2.39 0.07

Ca 2.21 0.07 6.51 0.13

Fe 1.51 0.10 Not present –
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Fig. 2 TEM photographs (a, c,
e, g) and Ru size distribution

(b, d, f, h) of RuN/M (a, b);

RuC/M (c, d); RuN/V (e, f);
RuC/V (g, h)
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et al. using Pt/C catalysts [31]. Therefore it can be inferred

that the choice of the most suitable activated carbon to be

used as support of ruthenium for NaBH4 hydrolysis over

Ru/activated carbon catalysts is strictly related to that of

the Ru precursor, in so far as the activated carbon type and

the Ru precursor mutually affect the size of the Ru nano-

particles on the support, the best combination being that

one resulting in Ru particles with diameters around 2.5 nm.

5 Conclusions

On the basis of the results reported in this paper the fol-

lowing conclusions can be drawn:

a) The size of Ru nanoparticles on investigated carbons

depends on the Ru precursor used, with Ru(NO)(NO3)3

always resulting in smaller Ru nanoparticles compared

to RuCl3.

b) Support elemental composition also influences the

metal particle size. The presence of alkali metals

favours Ru sintering during the catalyst preparation.

c) The best combination of the carbon type and the Ru

precursor is that leading to Ru particles with diameters

around 2.5 nm, regarded as optimal for the NaBH4

hydrolysis.

Table 2 Kinetic data and average Ru size of Ru/carbon samples

Code Ru diameter (nm) K (LH2 g cat
-1 min-1) Ea (KJ mol-1)

By TEM By CO 15 �C 25 �C 35 �C 45 �C

RuN/V 2.8 2.2 0.27 0.57 1.16 2.21 53.4

RuC/V 7.8 9.2 0.07 0.19 0.45 0.98 67.0

RuN/M 1.5 1.0 0.11 0.28 0.56 1.30 61.1

RuC/M 4.2 5.4 0.15 0.36 0.73 1.50 58.1

RuN/M–K – 1.8 – – 0.74 – –

RuC/M–K – 10.1 – – 0.39 – –
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Fig. 3 H2 yield as a function of reaction time over Ru/carbon

catalysts. Opened square RuN/V; opened triangle RuC/M; opened
circle RuN/M; filled triangle RuC/V. Experiments were carried out at

T = 35 �C in isothermal conditions
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Fig. 4 H2 yield as a function of reaction time at four different
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