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A novel multifunctional catalytic system has been developed for efficient hydrogen gen-
eration through the hydrolysis of ammonia borane. This system combines Pd NPs with acid
sites and amines, which are both task-specific functionalities able to destabilize the N — B
dative bond. The acidity of the support (zeolites of different structure and SiO,/Al,05 ratio)
used to disperse the Pd NPs causes an increase in the hydrogen production rate. However,
the positive effect of incorporating p-phenylenediamine in the catalyst is much more
pronounced, causing a two-fold increase in the activity of the catalyst. The combined effect
of the different functionalities yields excellent performance in the hydrolysis of ammonia
borane, greatly enhancing the activity of the metal-based catalyst and reducing the acti-
vation energy of the catalyzed reaction.

© 2018 Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC.

Introduction

Ammonia borane (AB) is considered one of the most prom-
ising candidates for on-board hydrogen storage applications
thanks to its high hydrogen content (19.6 wt%), superior sta-
bility under ambient conditions, and non-toxicity [1,2]. One
route for the dehydrogenation of AB is its hydrolysis. In this
case, the release of molecular hydrogen can be conveniently
controlled by using acid or transition metal-based catalysts
[3,4]. Equation (1) shows the reaction for the hydrolysis of AB
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in excess of water [5]. There is broad agreement that the
metal-catalyzed hydrolysis proceeds via complexation of the
N — B dative bond with the metal surface, causing its desta-
bilization and subsequent cleavage, which is the rate limiting
step of this reaction. From there, the hydrolysis of BH; pro-
ceeds rapidly to produce 3 moles of H, per mole of AB [6,7].

NH;BH; + 4H,0 — B(OH); + NHY + 3H,1 1)

Most of the research on the catalytic hydrolysis of AB
concerns the use of transition metal catalysts due to their
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higher activity [6—9]. Noble [10—14] and non-noble [7,15-18]
metal catalysts have been evaluated being noble metals the
ones showing superior performance and stability. However,
the practical use of this system requires to reduce the use of
the costly and scarce noble-based catalysts while maintaining
their efficiency and recyclability [19]. In this regard, the
alloying of two metals has been widely studied to address both
the effectiveness and the costs of heterogeneous catalysts
[20—22]. As a result, by controlling the size, morphology, and
compositions of metal-based catalysts, the hydrogen pro-
duction from AB hydrolysis can be significantly enhanced [21].

In addition to metals, Lewis acid or basic sites can effi-
ciently destabilize the AB molecule leading to improved
dehydrogenation rates [23—25]. For example, the functionali-
zation of a metal-organic framework (MOF) like MIL-101(Cr)
with amine and amide groups improved its catalytic activity
for the dehydrogenation of AB through thermolysis [26]. It has
been suggested that the destabilization of AB occurs via the
formation of a hydrogen bond between the lone pair of the
amine group and the hydrogen of —NH; of the AB. This
hydrogen bonding perturbs the distribution of charges in the
AB, which thus becomes more reactive. Recently, similar re-
sults have been obtained for the hydrolysis of AB [27,28]. N-
doped catalysts featured higher activities than bare catalysts
prepared using the same synthetic method. However, a sys-
tematic study on the effect of the amines in a similar amine-
functionalized heterogeneous catalyst for the hydrolysis re-
action of AB has not been reported thus far. In a similar way,
whilst the use of acid solids has proved to be effective in the
catalyzed hydrolysis of AB [29], the role of acidic supports in
metal-based heterogeneous catalysts has not been fully
explored [30] and only the sodium form of the zeolites has
been explored so far [31—34].

Herein, we present the preparation of a multifunctional
catalyst for the hydrolysis of AB that contains various func-
tionalities each of them able to destabilize the N—B dative
bond and thus enhancing the hydrogen production rate. The
combined use of noble metal nanoparticles with terminal
amines and acid sites (through the use of zeolites as supports)
has been evaluated. A systematic study of the effect of each
functionality in this reaction has been carried out in order to
prepare a multifunctional catalyst able to efficiently improve
the catalytic activity of metal-based catalysts for this reaction.
We propose that, as alloying of different metals can be used to
improve the activity of the catalysts for AB hydrolysis, the
combination of metals with different functionalities can be
used as an attractive alternative which is both cost efficient
and scalable.

Experimental section
Chemicals

Palladium nitrate hydrate, ethylenediamine (ED), 4-
aminopyridine (APy), sodium tetrachloropalladate (Na,PdCly,
98%), 4-(dimethylamino)pyridine (DMAP, C;H;0N,, 99%), tet-
raoctylammonium bromide (TOAB, (N(CgHis)4)Br, 98%), tet-
raethylorthosilicate (TEOS, 98%), ammonium fluoride (NH,4F,
98%), p-phenylenediamine (PPD) and ammonia borane (AB,

90%) were purchased from Aldrich; sodium borohydride
(NaBHy, >96%) from Fluka. Zeolites were supplied by Zeolyst
International (Table 1). All chemicals were used as received
without further purification.

Synthesis of the catalysts using silica supports

As the hydrolysis of AB strongly depends on the dispersion of
metal nanoparticles [35], colloidal Pd nanoparticles (NPs) of
narrow particle size distribution were prepared and used as
the active metal sites. First, colloidal Pd NPs were obtained in
toluene by the reduction of [PdC14]2* with NaBH, and subse-
quent stabilization using tetraoctylammonium bromide
(TOAB) as capping agent. The Pd NPs were then transferred to
an aqueous solution using 4-dimethylaminopiridine (DMAP)
as the transfer agent. The detailed synthetic method can be
found in the ESI and in references [36,37]. In order to evaluate
the effect of different amines on the activity of the Pd NPs,
they were functionalized on silica, used here as an inert (non-
acidic) support. The silica-based catalysts were prepared by
incorporation of the selected functionalities during the sol-gel
synthesis of the silica material. Different amines such as,
pyridine (py), p-phenylenediamine (PPD) and various
trialkoxysilane-containing amines: a primary amine (3-
aminopropyl triethoxysilane, APTES), pyridine (2-(2-
pyridylethyl) trimethoxysilane, pyTMS) and ethylenediamine
([3-(2-Aminoethylamino)propyl] trimethoxysilane, A2PTMS),
were loaded into the silica (see Scheme 1A for their struc-
tures). The nominal palladium concentration in the catalysts
was 0.22 wt% and the metal to amines molar ratio used was
Pd:amine = 1:2. A schematic representation of the synthesis
procedure to prepare the silica-based catalysts, Pd_Amine@-
Si0,, is shown in Scheme 1A.

In a typical synthesis, 1.0 mL (4.48 mmol) of TEOS, 0.50 mL
of an aqueous Pd NPs suspension (concentration approx.
11 mM) and 0.1 mL of a 0.425 M p-phenylenediamine aqueous
solution were stirred in 1.25 mL of absolute ethanol for 10 min.
To induce the silica gel formation, 0.125 mL of NH4F 0.5 M
(0.065 mmol NH,F) was added to the abovementioned solu-
tion. The mixture was reacted at room temperature during
15 min under vigorous stirring [38,39]. The formed wet gel was
air dried in order to obtained the final silica xerogel.

Synthesis of the catalysts using zeolites as acidic supports

In this case, the Pd NPs were directly loaded on various zeo-
lites by ion exchange and subsequent reduction either with
NaBH, or in situ during the AB hydrolysis reaction. Zeolites
with different structures and SiO,/Al,05 ratios were tested in
order to assess the role of acidic and textural properties of the
support in the catalytic performance of the different catalysts,
see Table 1. The commercial zeolites were previously calcined
at 550 °C for 4 h (2 °C min™) under air flow to transform the
initial ammonium to its corresponding proton-form. The
introduction of the Pd(Il) cations in the zeolites was carried
out by ion exchange with Pd(NOs),-2H,0. These materials
were labeled as Pd(II)/Zeolite, where Zeolite indicates the type
of the zeolite used as a support. The Pd(Il)-containing zeolites
were directly added to the reaction media where the metal
precursor was in situ reduced by the ammonia borane. For
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Table 1 — Zeolites used in this study.

Zeolite name Zeolite framework Commercial name® Si0,/Al,05; molar ratio® Cation form?®

ZSM-5 MFI CBV 2314 23 Ammonium

CBV 3024E 30 Ammonium

CBV 5524G 50 Ammonium

CBV 8014 80 Ammonium

CBV 28014 280 Ammonium
usy FAU CBV 720 30 Hydrogen
Beta BEA CP814E 25 Ammonium
Mordenite MOR CBV 21A 20 Ammonium
Ferrierite FER CP914C 20 Ammonium
& As indicated by the supplier.
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Scheme 1 — Schematic representation of the synthesis procedure followed to prepare the different Pd-catalysts evaluated: A)
using silica as a support and B) using different zeolites as supports (beta zeolite and PPD have been chosen as examples).
The legend for both schemes is shown in the left bottom corner. The structure of the amines used for the functionalization
of the catalysts is shown next to the corresponding catalyst.

comparison purposes, the metallated zeolites were also con-
verted into Pd(0)-containing catalysts by previous reduction of
the metal using an aqueous solution of NaBH,. Those mate-
rials where named as Pd(0)/Zeolite. Finally, several amine
groups were incorporated to the Pd(Il) catalysts in order to

evaluate the combined effect of these compounds with metal
and acid sites over the dehydrogenation of AB (Pd(II)_Amine/
Zeolite). The selected compounds were the diamines ethyl-
enediamine (ED), 4-aminopyridine (APy), and p-phenylenedi-
amine (PPD). A schematic representation of the different
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catalysts prepared is shown in Scheme 1B, where zeolite beta
was used as an example.

In a typical synthesis, 21.9 mg of Pd(NOs),-2H,0 was first
dissolved in 20 mL of water. Subsequently, the precursor so-
lution was poured over 3.5 g of H-zeolite, which corresponds
to a 0.25 wt% Pd. The mixture was stirred for 1 h, filtered,
washed with distilled water and dried at 40 °C overnight to
obtain the Pd(Il)/Zeolite materials. After the introduction of
the Pd(Il), the catalyst was stirred in an aqueous solution of
the selected amine for 30 min. The solid was subsequently
filtered, washed with distilled water, and dried at 40 °C over-
night, resulting in the Pd(II)_Amine/Zeolite catalysts. In the
case of the catalysts with pre-reduced Pd NPs, Pd(0)/Zeolite,
the reduction was carried out using a 0.1 M solution of NaBH,
with a molar ratio metal/NaBH, = 0.7.

Catalytic hydrolysis of ammonia borane

The catalytic activity of the materials for the hydrolysis of
ammonia borane was determined by measuring the rate of
hydrogen generation as follows. The catalyst (c.a. 75mg, 0.25 wt
% Pd) was transferred into a glass tube (13 mm diameter), which
was sealed with a silicon septum, and placed in an oil bath
thermostated at 30.0—55.0 + 0.1 °C. The tube exhaust was con-
nected to a water-filled inverted measurement cylinder. In a
typical experiment, ammonia borane (10.8 mg, 0.31 mmol) was
dissolved in 855 pl of water. To start the catalytic cycle, the
freshly prepared ammonia borane solution was injected into
the tube and the hydrogen generated was measured due to
displacement of the liquid in the inverted measurement cylin-
der [40—42]. Time was controlled using a chronometer. The
catalytic experiments were repeated at least three times in
order to obtain reproducible data. The turnover frequency was
determined in every case as: TOF = (mol H, obtained)/(mol
Pd x min), calculated from the slope of the linear part of the H,
evolution vs time plot, and using the bulk Pd content.

Characterization

The palladium content of each sample was determined by
Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) on a Perkin Elmer 7300 DV spectrometer. The sam-
ples were dissolved in aqua regia and the undissolved siliceous
matter was filtered off (0.45 um) prior to the analysis.

The morphology of the catalysts and the size and distri-
bution of Pd NPs was investigated by transmission electron
microscopy (TEM) using a JEM-2010 microscope (JEOL, 200 kV,
0.14 nm of resolution). Samples were prepared by dipping a
sonicated suspension of the sample in ethanol on a carbon-
coated copper prior to be studied by TEM.

The porous texture was characterized by N, physisorption
at 77 K in an AUTOSORB-6 apparatus. The samples were pre-
viously degassed for 4 h at 523 K at 5 x 107> bars. The surface
area was calculated by using the BET method [43] and the total
pore volume was estimated from the DFT method as
described elsewhere [44].

X-ray diffraction patterns were collected on a Seifert XRD
3003 TT (Bragg—Brentano geometry) powder diffractometer
using a Cu Ko radiation (A = 1.54056 A) at a scanning velocity of
0.05° min ' in the 2.5°<20 < 50°range.

The organic content of the amine-containing catalysts was
measured by elemental combustion analysis on a Carlo Erba
CHNS—O EA1108 analyzer. Complementary, thermogravi-
metric analyses (TGA) were carried out in a simultaneous TG-
DTA apparatus METTLER TOLEDO model TGA/SDTA851and/
SF/1100. Analyses were performed in a N,:0O, = 4:1 atmosphere
from room temperature to 1100 °C (10 °C min™?).

The incorporation of the amines in the catalysts was
studied by IR spectra. The analyses were carried out on a
Nicolet Nexus FT-IR Spectrometer. All the samples were pre-
pared as KBr diluted pellets.

Results and discussion

Silica support for the immobilization of Pd nanoparticles and
amines

The colloidal Pd NPs obtained using the procedure afore-
mentioned present a narrow particle size distribution
(2.8 + 0.9 nm), see Fig. S1. Further details regarding the char-
acterization of the colloidal Pd NPs are given in the ESI (Figs.
S1-S3). The small size and the low content of the Pd NPs
immobilized on the heterogeneous catalysts make their
characterization by TEM and XRD challenging (Figs. S4—S5).
Regarding the textural properties of the silica catalysts, all the
solids show type IV isotherms with BET surface areas and total
pore volumes ranging from 210 to 250 m? g ' and
0.54—0.60 cm? g%, respectively, and broad pore size distribu-
tions (see Fig. S6). The Pd content in the solids was determined
by ICP and EDX analyses, resulting in loading values very
similar to the theoretical ones.

The immobilization of the Pd NPs on the silica support
(Pd@sSiO,) has a significant effect on their catalytic perfor-
mance. The heterogenized system was significantly more
efficient in the generation of H, (expressed as TOF) than Pd
NPs in a colloidal suspension, 8.9 and 5.9 min?, respectively
(see Fig. S8). This improvement was attributed to the higher
stability of the supported Pd NPs. The low stability of unsup-
ported colloidal Pd NPs during reaction was evidenced by their
agglomeration during their use (visible even to the naked eye).
This led to the decrease of the H, generation rate during the
reaction, resulting in a nonlinear H, production.

The role of the amines in the catalysis was evaluated by
using terminal amines, such as py and PPD, and amines with
terminal trialkoxysilane groups, such as APTES, pyTMS and
A2PTMS, to functionalize the Pd@SiO, material, using a Pd:a-
mine molar ratio = 1:2 (Fig. S7). Fig. 1 shows the TOF values of
H, generation obtained using these bifunctional catalysts
(TOF values were determined from the slope of the linear re-
gion of the H, evolution plot, Fig. S9). In general, the presence
of the amines increased the rate of the generation of H,.
Terminal primary amines, such as APTES and PPD, have a
clear positive impact on the catalytic activity, accelerating
quite notably the reaction, while pyridine and ethylenedi-
amine have little impact on the hydrolysis of AB. The highest
value was obtained for the Pd_PPD@SiO,, whose activity is 3
times higher than the monofuncional Pd@SiO, catalyst (see
Fig. 1). It is worth pointing out that when only amines are
added to the reaction mixture, no H, evolution was observed.
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Fig. 1 — TOF values (min~?) for bifunctional
Pd_AMINE@SiO, catalysts prepared with the different
amines named in the legend.

The H, generation, then, depends on the metal catalyst, which
is responsible for the breaking of the dative bond, the first step
in the dehydrogenation of AB [5,6]. As suggested by Gao et al.
[20] for thermolysis, a hydrogen bond between the lone pair of
the amine functionalized catalysts and the hydrogen of —NHj;
on AB can modify the distribution of charges, which leads to
the acceleration of the AB dehydrogenation. In this regard, it is
well-known that aromatic amines, as PPD, are able to develop
strong hydrogen-bonding interactions through their amine
groups [45,46]. To the best of our knowledge, this feature has
not been explored for the AB hydrolysis reaction thus far.

Zeolites as acidic supports for Pd nanoparticles

To study the effect of supports containing acid sites, bifunc-
tional acid/metal catalysts were firstly prepared using ZSM-5

a)

TOF (min™)

23 30 50 80 280
SI0,/AI,0,

zeolites (MFI structure) with different SiO,/Al,0; ratios,
ranging from 23 to 280 (Pd(I)/ZSM-5 catalysts). Thus, the effect
of using zeolites with increasing Al content, which is related
to their total acidity [47,48], as supports for the bifunctional
catalysts was evaluated for ZSM-5 zeolite (Fig. 2 and S10). The
Pd loading determined by ICP-OES was similar in all the cat-
alysts, 0.17—0.23 wt%, as well as the BET surface area, ca.
350—400 m? g~ in all cases (Fig. S11). The Pd(Il)-zeolites were
directly mixed with the AB solution, which was taken as the
start time of the catalytic reaction. The Pd(Il) was immediately
in situ reduced during the catalytic tests and no induction
period was observed in the hydrolysis of AB. Furthermore, the
amount of H, generated during the catalytic tests was not
affected by the in situ reduction of the Pd(ll) as, in all the ex-
periments, nearly 3 moles of H, were produced per mole of AB.
Fig. 2(a) shows TOF values for the tested zeolite-based cata-
lysts under the same reaction conditions. As observed, the
hydrogen production rate slightly increased with the Al con-
tent of the zeolite. Taking into account that all the zeolites
have similar Pd content and particle size (see Fig. 2(a)), the
differences in the hydrogen production rate should be attrib-
uted to the number of acid sites in the zeolites. In fact and as
shown in Fig. 2(b), the TOF values follow a linear relationship
with the relative Al content of the zeolites. A control experi-
ment in which only bare zeolites.

Secondly, the effect of the zeolite structure in the hydro-
lysis of AB was evaluated. In this case, Pd(lI)/Zeolite catalysts
made of zeolites with similar SiO,/Al,0O5 ratios but different
crystalline structure were prepared and tested (see Fig. S12 for
XRD analyses). Table 2 shows the SiO,/Al,05 ratio, Pd content,
BET surface area, and catalytic results of the different cata-
lysts studied. As can be observed, for similar Pd contents very
different H, production rates were obtained (Fig. S13), thus
showing that the zeolite structure greatly influences the per-
formance of the multifunctional catalyst. In this sense, the
catalyst based on beta zeolite was the best performing one,
leading to a three-fold increase in the rate of hydrogen pro-
duction over zeolites ZSM-5, USY and mordenite. The higher

b)
-10.25 16.0-
155 }
10.20
150}
fo1s ¥ o7 145 }
g E 140} %
2 s
40.10 S 2 135l
o
Y
40.05 13.0F y = 12.5+35.78x
12.5 ,} R?=095
+40.00 12.0+
000 002 004 006 008

AI/(Si+Al)

Fig. 2 — (a) TOF values (min~?) of Pd(II)/ZSM-5 catalysts using ZSM-5 zeolites with different Si0,/Al,0; ratios. The graph

shows the average Pd particle size for every catalyst after reaction (obtained from the analysis of at least 100 nanoparticles
in TEM images, black squares) and the Pd content determined by ICP-OES (red triangles). (b) Linear correlation of the TOF
values (min~") shown in part (a) with the Al content in the zeolites. Reaction conditions: 0.855 mL of 0.4 M AB, molar ratio
AB/Pd = 230, T = 35 °C. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the

Web version of this article.)
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Table 2 — Properties and catalytic activity of Pd(II)/Zeolite catalysts prepared by ion-exchange of 0.25 wt% of Pd(II) on

different zeolites and reduced in situ during reaction.

Zeolite Si0,/Al,04 Pd loading® (wt%) Sper” (m [2]-g7Y dpg® (nm) TOF? (min~?)
ZSM-5 30 0.23 340 57+24 14.6 + 0.3
usy 30 0.27 695 8.2+43 18.3 + 0.1
Beta 25 0.27 500 22+09 453 +0.5
Ferrierite 20 0.26 455 3.7+15 294 +0.2
Mordenite 20 0.26 290 44 +32 13.1+ 0.6

@ Pd content determined by ICP-OES.

® The BET surface area was estimated by the multipoint BET method using the adsorption data in the P/P, range of 0.05—0.30.
¢ Particle size distribution obtained from the analysis of at least 100 nanoparticles in TEM images, after the catalytic reaction.
d Reaction conditions: 0.855 mL of 0.4 M AB, molar ratio AB/Pd = 230, T = 35 °C.

activity of the Pd(II)/Beta catalyst can be related to the stabi-
lization of smaller nanoparticles with narrower size distribu-
tion (see Table 2 and Fig. 3(a), grey diamonds), which can be
attributed to the high surface roughness, which is character-
istic of this zeolite (see Fig. 4(c)) [49].

For comparison purposes, the same catalysts were pre-
reduced with NaBH, before performing the catalytic tests,
these samples were labelled as Pd(0)/Zeolite catalysts
(Fig. 512). In this case, all the catalysts showed lower activity
than their in situ reduced counterparts, see Fig. 3(a) and
Fig. S13. However, it is worthy to point out that the same trend
was observed between the different zeolites, beta and
ferrierite-based catalysts yielding the best results. As in the in
situ reduced catalysts, those two zeolites stabilize the smallest
Pd NPs and thus maintain narrow particle size distributions
(Fig. 3(a), red diamonds), which explains their excellent cata-
lytic performance. Fig. 4 shows the TEM images of the cata-
lysts after reduction with NaBH,; and their corresponding
particle size distribution. In most cases, NaBH, reduction
produced higher average nanoparticle size and broader dis-
tributions than the catalysts reduced in situ during reaction.
This is a trend that has been previously reported for other
supports [50]. As described elsewhere, probably an excess of

a)
50

[ Pd(I1)_Zeolite
Pd(0)_Zeolite

substrate, AB in our case, might be responsible for the stabi-
lization of small Pd NPs under in situ conditions.

Finally, in order to evaluate the influence of the Brgnsted
acidity of the zeolite in their catalytic performance, the cata-
lyst showing the highest performance (Pd(Il)/Beta) was also
tested in their ammonium form (Pd(II)/NH,-Beta). It is well
known that both Lewis and Brgnsted sites coexist in zeolites
[51]. The evaluation of the effect of the Brgnsted acidity in the
reaction requires the removal of the H* by ion-exchange.
Fig. 3(b) shows the H, evolution of catalysts prepared using
H-Beta and NHy-Beta and 0.25 wt% of Pd(Il). As shown, the
catalyst with Brgnsted acidity offered better catalytic perfor-
mance, almost doubling the TOF value of the catalyst based on
the ammonium form of the zeolite, 45.3 + 0.5 vs 23.8 + 1.1
min~?, respectively. In the past, acid solids have proven to
catalyze this reaction with, however, very low rates when
compared to metal catalysts (see Fig. S14 for control experi-
ments with bare zeolites) [23]. Yet, to the best of our knowl-
edge, the bifunctional character of metal/acidic catalysts has
not been evaluated to date for the hydrolysis of AB. Never-
theless, previous reports have also stated higher TOF values
for Pt and Pd-based catalysts supported on acidic materials,
mainly for hydrogenation and hydrogenolysis reactions

b)
20 3.0 = x

1.5+ )
4
1.0 /%

05L /s 4 Pd(Il)yNH,-Beta
= Pd(ll)yBeta

n(H,)In(AB)

0 5 10 15 20 25
time (min)

Fig. 3 — (a) TOF values (bars) of catalysts with similar Si0,/Al,0; ratios but different crystalline structure (shown in the x
axis), values in brackets represent the SiO,/Al,0; ratios. The right axis represents the average Pd particle size (symbols) for
every catalyst after reaction, obtained from the analysis of at least 100 nanoparticles in TEM images (grey triangles for the in
situ reduced catalysts and red diamonds for the pre-reduced catalysts). (b) H, evolution of catalysts prepared using H-Beta
and NH,-Beta and 0.25 wt% of Pd(II). Reaction conditions: 0.855 mL of 0.4 M AB, molar ratio AB/Pd = 230, T = 35 °C. (For
interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4 — TEM images of the Pd(0)/Zeolite catalysts (pre-reduced with NaBH,): (a) ZSM-5, (b) USY, (c) beta, (d) mordenite and (e)

ferrierite, and their corresponding particle size distribution.

[52,53]. These differences have been ascribed to a modification
of the electronic structure of the metal nanoparticles when
acidic supports are used, which alter the catalytic properties
of the metal surface atoms [52,53]. A similar explanation could
be offered for the higher activity that we found in the hydro-
lysis of AB when acidic supports were used.

Combining acidic supports and amines as co-catalysts for the
hydrolysis of AB

As we have already seen, the destabilization of AB by amines
greatly increases the rate of H, generation when Pd-based
catalysts are used for the hydrolysis of AB. Here, we

evaluate the effect of the immobilization of a series of amines
on catalysts that also contain acid sites. Multifunctional cat-
alysts were prepared by incorporating different diamines
namely, ethylenediamine (ED), 4-aminopyridine (APy) and p-
phenylenediamine (PPD) on Pd(ll)/Beta, which is the best
performing catalyst so far. The use of compounds with two
amine groups allows, on one hand, the reaction of one amine
with the acidic sites of the zeolites for their immobilization
and, on the other hand, the interaction with the AB through
the other amine. Pd(Il)_Amine/Beta catalysts were thus pre-
pared using a 0.25 wt% of Pd(Il) loading and a Pd:amine molar
ratio of 1:2. The successful immobilization of the amines on

Table 3 — Properties and catalytic activity of Pd(II)_Amine/Beta catalysts prepared by immobilization of increasing amounts

of PPD on 0.25 wt% of Pd(II)/Beta (SiO./Al,05; = 25).

Zeolite Pd Acid sites PPD wt%° PPD wt% (EA) PPD wt%° (TG) TOF! (min™?)

(Si0o/Al,05) loading® (Wt%) neutralized® (%) (theor.)

Beta (25) 0.27 = = = = 453+ 0.5

0.18 5 0.7 0.3 0.4 589+ 0.4

10 1.4 0.9 1.0 64.1 + 0.7
20 2.8 2.7 2.8 85.8 +2.0
50 7.0 5.8 5.1 108.2 +9.1

2 Pd content determined by ICP-OES.

® X% represents molar ratio PPD/Al = X/100.

¢ Theoretical value of PPD in wt%.

d

Experimental wt% of PPD calculated from elemental analysis.
¢ Experimental wt% of PPD calculated from TG analysis.

f Reaction conditions: 0.855 mL of 0.4 M AB, molar ratio AB/Pd = 230, T = 35 °C.
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Fig. 5 — (a) TOF values (min~?) of Pd(II)_ Amine/Beta catalysts prepared using a 0.25 wt% of Pd(ll) loading and a Pd:amine
molar ratio of 1:2. The different amines used for the functionalization are shown in the x axis. (b) H, evolution of Pd(II)_PPD/
Beta catalysts functionalized with increasing contents of PPD. Reaction conditions: 0.855 mL of 0.4 M AB, molar ratio AB/

Pd = 230, T = 35 °C.

the zeolite was characterized by FTIR, TGA and AE (see Fig. S15
and Table 3). Fig. 5(a) shows the TOF values of the different
catalysts evaluated. Similarly to what was observed for the
silica support, the only compound that increases the rate of H,
production was the PPD. More specifically, a 20% enhance-
ment in the rate of H, generation was obtained when PPD was
used in combination with the Pd(II)/Beta catalyst (Fig. S16).
To further explore the effect of combining PPD and Pd(II)/
Beta, a systematic study was carried out in which the PPD
content was varied. The acidity of the support plays a key role

120
100
80

60

TOF (min™")

40

Fig. 6 — Catalytic activity (TOF (min~")) of a series of Pd-
based catalysts prepared introducing different
functionalities selected to increase the hydrolysis of AB. All
the catalysts were tested under the same reaction
conditions.

in the reaction and the immobilization of each amine con-
sumes one acid site. Therefore, in order to assess the effect of
the PPD incorporation, and taking into account the neutrali-
zation of acid sites due to the amine, the PPD was introduced
as a percentage, from 5 to 50%, of the acid sites of the zeolite
(calculated as the number of Al present, e.g. 5% represents:
molar ratio PPD/Al = 5/100). As shown in Fig. 5(b), the H,
generation rate directly increases with increasing contents of
PPD. It is worth mentioning that the benefit of the incorpo-
ration of PPD is much more pronounced than the negative
effect that the neutralization of acid sites could have. Conse-
quently, the incorporation of the highest loading of PPD pro-
duces a significant improvement in the catalytic performance,
more than doubling the TOF value of the amine-free catalyst,
see Table 3.

Finally, Fig. 6 shows a summary of the different TOF values
of selected silica- and zeolite-based catalysts prepared in this
work. This provides a very clear and visual summary of the
positive effect that the addition of each functionality has on
the activity of the catalyst. A 10-fold increase in activity has
been achieved by: (i) the heterogenization of Pd NPs on an
acidic support, (ii) the stabilization of small NPs with narrow
particle size distribution by using beta zeolite as support and
(iii) the destabilization of AB by hydrogen bonding with p-
phenylenediamine.

Recycling of the multifunctional catalysts

In order to assess the recyclability of our catalysts, five cata-
lytic cycles were performed for the bifunctional Pd(II)/Beta
and the best performing multifunctional Pd(II)_PPD/Beta
(Fig. 7). After each reaction cycle was finished, the catalysts
were recovered by centrifugation and reused by addition of
new AB aqueous solution. The activity of both catalysts
decreased after the first run but they preserve ca. 50% of the
initial TOF value after five catalytic cycles. ICP analyses after
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Fig. 7 — Recyclability data. H, evolution from AB with (left) the Pd(II)/Beta catalyst and (right) the Pd(II)_PPD/Beta catalyst.
Reaction conditions: 0.4 M AB, molar ratio AB/Pd = 230, T = 35 °C; after each catalytic cycle the catalysts were separated of
the reaction mixture by centrifugation before adding new AB solution.

the first and the last catalytic tests show negligible Pd leach-
ing, which was further confirmed by the lack of catalytic ac-
tivity of the liquids recovered by centrifugation. The long-term
stability of Pd NPs in zeolites has been already reported for
this reaction, being a Pd/NaY zeolite catalyst able to maintain
most of its initial activity after 5 cycles [34]. In our system, the
decrease in conversion can be attributed to some aggregation
of the Pd NPs but, specially, to the partial loss of the organic
compounds. We anticipate that further stabilization of Pd NPs
and the organic compounds within the zeolite network, using
the different methods developed in our group [54], will further
improve the recyclability of the catalyst.

Kinetics of the catalyzed hydrolytic dehydrogenation of AB

In order to determine the activation energy of our system,
both the bifunctional Pd(II)/Beta and the multifunctional PA(II)
_PPD/Beta catalysts were studied in the hydrolysis of AB at
various temperatures in the 30—55 °C range, using a concen-
tration of AB of 0.4 M and a molar ratio AB/Pd = 230. As

expected, the rate of hydrogen generation increased with the
reaction temperature. The values of the rate constant, k, at
different temperatures for the catalyzed hydrolysis of AB were
calculated from the slope of the linear part of each H, gener-
ation vs time plot in Fig. 8(a). These values were used to obtain
the Arrhenius plot shown in Fig. 8(b), from which the activa-
tion energies, Ea, of both systems were obtained [55]. The
presence of PPD causes a significant drop in the apparent Ea
for the hydrolysis of AB. The activation energy of the Pd(II)/
Beta catalyst was determined to be Ea = 61 k] mol~?, while the
multifunctional system Pd(II)_PPD/Beta presents a lower
value, Ea = 47 k] mol~?, which is one the lowest ever reported
for a Pd-based catalyst, see Table 4 [56,57]. The reduction of
the activation energy of heterogeneous metal-based catalysts
by alloying a particular metal with one or other metals has
been widely reported in the literature [58,59]. However, an
important contribution of our work is that the kinetic barrier
of the AB hydrolysis was reduced not by introducing a second
metal but by using organic compounds. This represents an
alternative that is both cost efficient and scalable, and that
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Fig. 8 — (a) Hydrogen generation at different temperatures using (left) the Pd(II)/Beta catalyst and (right) the Pd(II)_PPD/Beta
catalyst. (b) The derived Arrhenius plot for both systems. Reaction conditions: 0.4 M AB, molar ratio AB/Pd = 230.
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Table 4 — Catalytic activity and activation energy of

reported palladium catalysts used for the hydrolytic
dehydrogenation of AB at room temperature.

Catalyst Ea TOF!! Reference
(k) mol™?)  (min~?)
Pd/CoFe,0, 42 290 [60]
Pd/Si0,—CoFe,0, 52 254 [61]
Pd/PDA—CoFe,0, 65 175 [60]
Pd/MCN 57 125 [57]
Pd(II)_PPD/Beta 47 55 This work
Pd/Ce0, 68 29 [62]
Pd/chemically = 15.5 [63]
derived graphene
Pd/Si0, = 10.0 [61]
3D Pd/graphene aerogel 31 9.7 [10]
Pd/HAP 55 8.3 [64]
Pd/NaY 56 6.25 [34]
Pd/reduced 51 6.25 [65]
graphene oxide
Colloidal Pd 44 5 [66]
(PSSA stabilized)
Pd/g-Al,0; — 1.39 [67]
Pd black = 0.67 [67]

can be used in combination with other metals and alloys but
also with other supports, which have shown good perfor-
mances for the hydrolysis of AB.

Conclusions

A series of multifunctional catalysts has been designed, pre-
pared, and tested using different chemical groups that
destabilize the AB molecule as a way to promote its hydroly-
sis. Our results show that the use of amines in combination
with metal sites can significantly improve the performance of
the catalysts for the hydrolysis of AB. Specifically, the func-
tionalization of a silica support with p-phenylenediamine for
the immobilization of Pd NPs produced a three-fold
improvement of its catalytic activity. The use of acid sites
further boost the hydrolysis of AB. This effect has been
analyzed by systematically studying zeolites of different
structure and SiO,/Al,03 ratio as supports of Pd NPs. The main
conclusions that can be drawn from the characterization and
testing of our catalysts are the following:

(i) Catalysts with similar Pd content and nanoparticle size
show a slight increase in the hydrogen production rate
as the acidity of the zeolite augments. In fact, the TOF
values and the relative aluminum content of the zeolite
follow a linear trend.

(ii) The presence of Bronsted acid sites in the zeolite support
had a pronounced positive effect in their catalytic per-
formance, producing an enhancement of the TOF value
of ca. 50% for the beta-based catalyst, when compared
with the zeolite without Bronsted acid sites (NH4-Beta).

(iii) The most important role of the support regarding the
hydrolysis of AB is the stabilization of the Pd NPs.
Indeed, the best performing catalyst of this work was
based on beta zeolite, which high surface roughness
helps to maintain the small size of the Pd NPs.

(iv) The functionalization of the Pd(II)/Beta catalyst with p-
phenylenediamine yielded the most active catalysts.
The kinetics of the catalyzed reaction are directly
related to the p-phenylenediamine content, as the H2
generation rate increases linearly with the percentage
of p-phenylenediamine incorporated. Furthermore, the
activation energy of the multifunctional system, Pd(II)
_PPD/Beta, is significantly lower (Ea = 47 k] mol™") than
that of the catalyst without p-phenylenediamine, Pd(II)/
Beta (Ea = 61 k) mol %),

(v) The use of organic moieties containing amines for the
functionalization of the catalysts represents a novel
alternative for the reduction of the kinetic barrier on
metal-based catalysts for the hydrolysis of AB, and
therefore to further boost the catalytic performance of
other metals and alloys for this reaction.

In summary, by the rational design of a multifunctional
catalyst, we have been able to increase the TOF value of the AB
hydrolysis of a PA@SiO, catalyst from 8.8 min~" to 108.2 min*
for the multifunctional Pd(II)_PPD/Beta system, by using zeo-
lites as supports and readily available organic compounds.
This approach is simple and versatile and therefore could be
used to improve the performances of other metals and alloys
for the hydrolysis of AB.
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