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from hydrolysis of ammonia borane

Lingling Guo, Xiaojun Gu,* Kai Kang, Yanyan Wu, Jia Cheng, Penglong Liu, Tianshu Wang and

Two N-doped carbon materials, N-doped Vulcan XC-72 carbon labelled as NXC and graphite carbon nitride labelled as C3N,,

were selected as supports to prepare a series of bimetallic AuM (M = Co, Ni) nanoparticles (NPs) using three different

reduction ways towards mixed metal ions AuCl, and M?*', and then the as-synthesized supported bimetallic AuM NPs were

used as catalysts for hydrolytic dehydrogenation of ammonia borane (NH;BHs). All the catalysts exhibited high dispersion

and small size of bimetallic NPs; however, they exhibited remarkably different catalytic activities featuring total turnover

frequency (TOF) values from 6.4 to 42.1 Moy Mol -min™. Among all the catalysts, the NXC-immobilized AuCo NPs

through in situ synthesis using NaBH, and NH3;BH; as reductants exhibited the highest activity with a total TOF value of

42.1 moly;mole: min™, which was among the highest values for Co-based catalysts ever reported for hydrolytic

dehydrogenation of NH3;BHs. This remarkably enhanced activity may be attributed to the synergistic effect of N-doped NXC

support and AuCo NPs and the resulting highly efficient activation of N-B bond in NH3BHs. In addition, the AuCo catalysts

showed good recyclability, demonstrating that they had high stability/durability.

1. Introduction

Hydrogen has been considered as a globally accepted energy
carrier to satisfy the increasing demand for sustainable and
clean energy supply.1 The safe and efficient storage and
production of hydrogen are still the challenging technologies
on the way towards a fuel-cell-based hydrogen economy.2
Currently, chemical hydrides have attracted much attention
owing to their high gravimetric and volumetric storage
capacity.3 Among them, despite the relatively high cost,
ammonia borane (NH;BHj5) is still regarded as one of the most
promising candidates for the storage of hydrogen since it is
stable and non-toxic at ambient temperature and has a high
hydrogen content of 19.6 wt%, outstripping that of gasoline.4
In comparison with the pyrolysis of NH;BH; to generate H,,
where the high temperature is required, H, is not fully
released and the rate of hydrogen generation is low, the
hydrolysis of NH3;BH; (NH3BH; + 2H,0 — NH,;BO, + 3H,) can
proceed rapidly with 100 % of H, selectivity at room
temperature in the presence of a suitable heterogeneous
t:atalyst.5
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To date, three types of active metals, noble metals such as
Pt, Ru and Pd, inexpensive first-row transition metals such as
Fe, Co and Ni and their bimetallic composites, have been
developed for hydrogen generation from hydrolysis of
NH3BH3.6 Recently, the microstructures of the bimetallic
nanoparticles (NPs) such as alloy and core-shell morphologies
have been reported to influence the performance of catalysts
in various fields including the hydrolysis of NH3BH3.7 In
addition, many investigations on hydrolysis of NH3BH; have
revealed that the catalytic performance, especially the activity,
is highly related with the dispersity and size of active metal
nanoparticles (NPs).8 So in order to acquire the high activity in
hydrolytic dehydrogenation of NH3;BH;, the catalysis system
involving supported metal catalysts has been explored in
recent vyears.” More recently, the route regarding
photocatalysis has been introduced to the hydrolysis of
NH3BH3; using porous semiconductor-supported Au-Co
nanoparticles, which display exceedingly high activity.10
However, remarkably enhance the activity of
supported catalysts in hydrolysis of NH3BH; without light still
remains a challenge due to the difficulty in rationally
synthesizing highly dispersed metal NPs with different
microstructures and tuning the interactions between supports
and active metal NPs.™ To this end, the selection of supports is
the key issue.

Herein, we reported a series of porous functionalized
carbon-immobilized AuM (M = Co, Ni) NPs using three
different reduction ways towards mixed metal ions AuCl,” and
M2+, which exhibited remarkably different catalytic activity for

how to
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hydrolysis of NH3BH;. For convenience, Vulcan XC-72 carbon
was labelled as XC. N-doped Vulcan XC-72 carbon labelled as
NXC and graphite carbon nitride labelled as C3N, were selected
as supports on the basis of the four considerations. Firstly,
carbon materials are cheap in the resource and have various
functional applications.12 Secondly, metal NPs deposited on
bare carbon materials easily leach during catalytic processes
owing to the weak interaction between the metal NPs and the
carbon surface.’® Thirdly, the N-doping in carbon could not
only change the physicochemical and electronic properties of
carbon, but also serve as basic or coordination sites to stabilize
the small metal NPs or activate catalytic substrates.™ Fourth,
bare carbon and two different N-doped carbon materials
provided us a chance to explore the effect of supports with
different structures on catalytic activities. It was interesting
that through tuning the structures of N-doped carbon supports
and the reduction ways towards mixed metal ions in the
synthesis of catalysts, the activity for hydrogen generation
from hydrolysis of NH3;BH; was remarkably enhanced,
featuring the total turnover frequency (TOF) values from 6.4 to
42.1 moIH2~moIca{1~min'1.

2. Experimental section
2.1 Chemicals

All chemicals were commercial and were employed with no
further purification. Cobalt (ll) chloride hexahydrate
(CoCl,-6H,0, Sinopharm Chemical Reagent Co. Ltd, >99%),
nickel (I) chloride hexahydrate (NiCl,-6H,0, Tianjin Fengchuan
Chemical Reagent  Technologies Co. Ltd, >99%),
tetrachloroauric (lll) acid (HAuCl,;-4H,0, Tianjin Fengchuan
Chemical Reagent Technologies Co. Ltd, >99%), sodium
borohydride (NaBH,, J&K Chemical, 98%), NH;BH;3 (Aldrich,
97%), XC (Cabot Chemical Co. Ltd), glacial acetic acid
(CH3COOH, Tianjin Fengchuan Chemical Reagent Technologies
Co. Ltd, = 99.5%), pyrrole (C4HsN, Sigma-Aldrich, 98%),
hydrogen peroxide (H,0,, Tianjin Fengchuan Chemical Reagent
Technologies Co. Ltd, = 30.0%), L-lysine (C¢H14N,0,, J&K
Chemical, 98%), n-octane (CH3(CH,)sCHs, Alfa Aesar Chemical
Co. Ltd, =98%), Tetraethyl orthosilicate (CgH,00,4Si, Sinopharm
Chemical Reagent Co. Ltd, =99%), ammonium hydrogen
difluoride (NH4HF,, J&K Chemical, 98%) and cyanamide (CN,H,,
Alfa Aesar Chemical Co. Ltd, =98%) were obtained. Deionized
water was used in all experiments.

2.2 Synthesis and catalytic study

For the synthesis of NXC, 5 mL of glacial acetic acid was added
to 45 mL of deionized water containing XC (0.500 g) under
vigorously stirring. After 4 hours, pyrrole (0.334 g) was
introduced into the suspension with sonication for 20 min and
stirred for 2 hours. Then 5 mL of hydrogen peroxide was added
into the mixture. After stirring for 12 hours, the solid was
filtered from the solution, washed with deionized H,0 for
several times, and then dried in vacuum oven at 353 K. Finally,
the target product was obtained by calcination at 1073 K for 4
hours.™

2| J. Name., 2012, 00, 1-3

C5N4 was prepared using SiO, sphere as hard template. For
the synthesis of SiO, sphere, L-lysine (0.292 g), n-octane
(14.600 g) and 280 mL of deionized water were mixed in a 500
mL of flask under vigorously stirring at 333 K for 5 hours.
Tetraethyl orthosilicate (20.820 g) was added to the solution,
and then the mixture was kept stirring for 20 hours. Later, the
mixed solution was transferred into Teflon lined stainless steel
autoclaves and crystallized at 373 K for 20 hours. Finally, the
mixture was directly evaporated in an oil bath at 373 K. The
silica sphere was obtained by calcination at 873 K for 8 hours.*®
For the synthesis of C3N,4, cyanamide (3.000 g) and SiO, sphere
(4.500 g) were mixed together and then the resulting white
powder was calcined at 550 °C for 4 hours under nitrogen flow.
C5N; was obtained after the calcined yellow product was
etched by 200 mL of NH4HF, solution (4 M) for 2 days.17

The first type of supported AuM NPs, which were labelled as
AuM/NXC-1, AuM/C;N;-1 and AuM/XC-1, were prepared via in
situ process using NaBH; and NH3;BH; as reductants. In a
typical experiment, the process of preparing Au;Co;/NXC-1,
Au;Co;/C5N,4-1 and Au;Co;/XC-1 and their catalytic study was
as follows: 4.7 mL of aqueous solution containing HAuCl,-4H,0
(0.0043 mmol) and CoCl,-2H,0 (0.030 mmol) were kept in a
round-bottom flask (25 mL). One neck was
connected to a gas burette for monitoring the evolution of gas,

two-necked

and the other was sealed with a rubber plug. Then, dehydrated
NXC, C3N, or XC (10 mg) was introduced to the solution and
kept vigorously shaking for 4 hours. After that, 1.5 mL of
aqueous solution with NH3;BH; (1.71 mmol) and NaBH, (0.068
mmol) was syringed into the flask through the rubber plug,
and the H,-generated reaction started immediately. The
reaction was not completed until there was no more gas
generated.

The second type of supported AuM NPs, which were
labelled as AuM/NXC-2, AuM/C5N4,-2 and AuM/XC-2 were
prepared via an ex situ process using NaBH, as reductant. For
Au;Co;/NXC-2,  Au;Co;/C3N4-2 Au;Co;/XC-2, the
preparation procedure was the same as the in situ synthesized
Au;Co;/NXC-1, Au;Co;/C3N4-1 and Au;Co;/XC-1 except the
absence of NH3BH; as reductant. Once the metal alloy NPs
generated, the aqueous solution of NH3BH; was then
introduced into the above solution containing metal alloy NPs
to study its catalytic hydrolysis reaction.

The third type of supported AuM NPs, which were labelled
as AuM/NXC-3, AuM/C3N,;-3 and AuM/XC-3 were prepared
under the same conditions as in in situ synthesized AuM/NXC-
1, AuM/C5N,4-1 and AuM/XC-1 except that NH3;BH;3 was used as
the reductant. Once NH;BH; was added into the suspension
containing metal precursors and support, the catalytic reaction
immediately began.

The molar ratio for metal:NH3;BH; was kept a constant of

and

0.02:1 in all the catalytic processes. The reactions were
performed at different temperatures (298, 308, 313 and 323 K)
with different catalysts under ambient atmosphere. The
atmospheric pressure in Hohhot, Inner Mongolia was 88.8 kPa.

2.3 Recycle stability

This journal is © The Royal Society of Chemistry 20xx
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After the first hydrogen generation reaction completed, the
aqueous solution containing equivalent NH3;BH; (1.14 M, 1.5
mL) was added into the reaction flask. The evolution of gas
was monitored using the gas burette. Such cycle experiments
were repeated for 5 times under ambient atmosphere at room
temperature.

2.4 Characterization

Powder X-ray diffraction (XRD) measurements were performed
on a Panalytical X-Pert X-ray diffractmeter with a Cu-Koa source
(40 kV, 20 mA). The X-ray photoelectron spectra (XPS) analyses
were carried out on an ESCALAB250 (Thermo VG Corp.)
equipped with an Al-Ka X-ray excitation source (1486.6 eV)
that operated at 15 kV and 20 mA. The surface area
measurements were performed with N,
adsorption/desorption isotherms at 77 K after dehydration
under vacuum at 150 °C for 12 h using automatic volumetric
adsorption equipment (Autosorb-iQ2-MP). The transmission
electron microscope (TEM, JEM-2010) equipped with an
energy dispersive X-ray spectrometer (EDS) for elemental
analysis was applied for the morphologies and composition of
the as-synthesized samples. TEM samples were prepared by
depositing two droplets of the catalyst suspensions onto
amorphous carbon-coated copper grids. The IR spectra were
recorded on an infrared spectrometer (Thermo Fisher
Scientific, NEXUS-670) in the wavenumber range from 400-
4000 cm™. The C, H and N contents in the samples were
measured by an elemental analyser (Vario EL CHNOS).

2.5 Calculation method

The turnover frequency (TOF) reported here was a total TOF
value based on the number of metal atoms in the surface of
catalyst, which was calculated from the equation as follow:

3Cup

TOF =
Csurft

(with units of mol-H, per mol-surface-atom per min), where
Cas Was the total concentration of AB in the reactor, Cy,yis the
total surface metals content in the reactor, and t is the
reaction time.”® If the average size of well-dispersed AuCo
nanoparticles is less than 5.0 nm, all the Au and Co species in
the AuCo nanoparticles can be assumed as the total surface
metal atoms participating the catalytic reaction.

3. Results and discussion

3.1 Catalyst characterization

In order to explore the effect of different supports on the
catalytic activity of hydrolytic dehydrogenation of NH;BHj;, two
N-doped carbon materials, NXC and C3;N,, were selected to
immobilize bimetallic NPs (Fig. 1). In addition, three reduction
ways towards mixed metal ions AuCl, and M2+, namely in situ
reduction by NaBH, and NH;BHj3;, ex situ reduction by NaBH,
and in situ reduction by NH;BH;, were selected to construct
and tune bimetallic NPs with different morphologies.

TEM and EDS were employed to characterize the
microstructures and compositions of AuCo NPs immobilized by

This journal is © The Royal Society of Chemistry 20xx
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NXC and C3N,4. As shown in Fig. 2, the AuCo NPs were well
dispersed on NXC and C;5N,4, and the average sizes of AuCo NPs
in  AuCo/NXC-1, AuCo/NXC-2, AuCo/NXC-3, AuCo/C3N4-1,
AuCo/C;5N,4-2 and AuCo/C3N,-3 were 3.3+ 0.5,3.5+0.7,3.5 +
0.5, 2.6 £ 0.3, 2.8 + 0.4 and 2.1 + 0.2 nm, respectively. From
these results, it can be clearly observed that the AuCo NPs had
high dispersion and there were different sizes of AuCo NPs in
different supported catalysts. In comparison with AuCo NPs
immobilized by NXC, AuCo NPs immobilized by Cs;N, had
smaller sizes, which was in accordance with the results
observed from XRD patterns as bellow. These differences in
the morphologies of bimetallic NPs may lead to different
catalytic performance on hydrolysis of NH;BH;. The EDS
spectra showed the presence of Au and Co in the six AuCo
catalysts (Figs. S1 and S2). to compare the
immobilization ability of different supports (N-doped carbon
and N-free carbon) for metal NPs, the TEM measurements of
AuCo/XC-1, AuCo/XC-2 and AuCo/XC-3 were performed. The
results showed that most of the AuCo NPs leached from the
surface of XC (Figs. S3), indicating the weak interaction
between the bimetallic NPs and the carbon surface, which
leaded to the poor catalytic activities as bellow.

In order

NH3BH; H>
c°2+
_atho._ _atDo. _ato.
" 2 2 8 :

N-doped carbon

Fig. 1 Schematic illustration for preparation of bimetallic NPs
immobilized by nitrogen-doped carbon support for catalytic H,
generation from NH3BH;.

The XRD patterns of AuCo NPs immobilized by NXC and C5N,
showed that a peak around 38.2° corresponding to the d (111)
of the cubic metallic Au was observed and no diffractions of Co
species were found (Figs. S5 and S6), implying that Co species
existed in an amorphous state in all the bimetallic catalysts,
which was similar to the previous reports.19 It should be noted
that in comparison with AuCo NPs immobilized by NXC, the
peaks corresponding to metallic Au in AuCo NPs immobilized
by CsN, were broader,
immobilized by C3;N, had smaller sizes and dispersed more
uniformly on the supports, as also indicated by the TEM results.
In addition,
corresponding monometallic Au catalysts showed stronger

demonstrating that AuCo NPs

compared to bimetallic AuCo catalysts, the

characteristic peaks of Au, possible due to the larger size or
the good crystallization of Au nanoparticles (Figs. S7 and S8). In
order to determine the difference in the amorphous state of
Co species in the catalysts, we analyzed the XRD patterns of
AuCo/NXC-1, AuCo/NXC-2, AuCo/NXC-3, AuCo/C3N,-1,
AuCo/C;5N,-2 and AuCo/C5N,-3 samples after heating at 873
and 1173 K in Ar atmosphere (Figs. S5 and S6). The results
showed that after heat treatment of the six catalysts at 873 K
for 4 h, the Co species in AuCo/NXC-1 and AuCo/NXC-2 was

J. Name., 2013, 00, 1-3 | 3
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crystallized into metallic Co and the Co species in AuCo/C3N,-1
was crystallized into CoO, while the Co species in AuCo/NXC-3,
AuCo/C5N,-2 and AuCo/C;3N,4-3 still kept the amorphous state.
When the temperature was raised to 1173 K, the Co species in
AuCo/NXC-3, AuCo/C3N4;-1 and AuCo/C3N,-2 was also
crystallized into metallic Co. These phenomena suggested that
existence states of Co species in these catalysts were different.

401 (b)

Percentage (%)
o 3 B 8

20 25 30 35 40 45 50
Particle size (nm)
30

(d)

Percentage (%)
o 3 S

14 21 28 35 42 49 56 63
Particle size (nm)

ercentage (%)
o 3 8 8
|

15 20 25 30 35 40 45 50 55
Particle size (nm)

(h)

Percentage (%)
° 3 3

15 18 21 24 27 3.0 33 36 39
Particle size (nm)

Percentage (%)
s 3 B 8
s

16 20 24 28 32 36 40
Particle size (nm)

aof (1)

Percentage (%)
° 3 8

14 16 18 20 22 24 26 28 30
Particle size (nm)

Fig. 2 Representative TEM images and corresponding
distribution size histograms of (a, b) AuCo/NXC-1, (c, d)
AuCo/NXC-2, (e, f) AuCo/NXC-3, (g, h) AuCo/CsN,-1, (i, j)
AuCo/C3N,4-2 and (k, 1) AuCo/C5N,4-3 (Au/Co = 1/7).

The element analysis showed that the content of N in NXC is
1.26 wt%. From the IR spectra (Figs. S10 and S11), it could be
concluded that that nitrogen atoms were doped in the as-
synthesized supports NXC and C;N, and the frameworks of

4| J. Name., 2012, 00, 1-3
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supports maintained the integrity in the resulting catalysts.10
The N, absorption/desorption measurements showed that the
Brunauer-Emmertt-Teller (BET) surface areas of NXC,
AuCo/NXC -1, AuCo/NXC-2, AuCo/NXC-3, C3N,, AuCo/C3N,-1,
AuCo/C5N,4-2 and AuCo/C5N,-3 were 111.790, 86.575, 84.286,
92.314, 190.155, 166.942, 169.319 and 185.669 cm’g”,
respectively. The appreciable decrease in the amount of N,
adsorption of bimetallic catalysts indicated that the channels
of NXC and C3N,; were occupied by AuCo NPs and/or blocked
by the AuCo NPs located at their surface (Figs. S12 and S13).
The X-ray photoelectron spectrometry (XPS) investigation
before and after Ar etching was conducted for AuCo catalysts
(Figs. 3 and S15). The results showed that the peaks of metallic
Au species were found both before and after Ar etching, while
the peaks of metallic Co species were detected after Ar etching.
Moreover, the peaks of only oxidized Co species were found
before Ar etching, which could be ascribed to the oxidation of
metallic Co in the surface of AuCo NPs in the catalysts
separated from the aqueous suspension. The observed peaks
of Au and Co species in the XPS patterns of the catalysts
indicated the existence of bimetallic alloy structures in the
catalysts.20

(a) 4f,,, 83.8 eV (Au')
4f,,, 87.5 eV (Au’) (Qxidi:

—— after Ar etching

—— before Ar etching

(b) 2p,, 7976€V  2p,, 7817eV
idized Co) ~ (Oxidjzed Co)

2p,,, 778.8 &V (Co)

—— after Ar etching
—— before Ar etching

94 92 90 88 8 84 82 80 810 800 790 780
Binding Energy / eV Binding Energy / eV
(c) 4f,, 838¢eV (AU)| [(d) 2p,, 798.0eV  2p,, 7820eV
41, 876V (A) ) (Oxidized Co)

.. (Oidized Co
' i

el
2p,,, 778.8 eV (Cof)

——after Ar etching [—— after Ar etching
—— before Ar etching |—— before Ar etching
94 92 90 88 86 84 82 80 810 800 790 780 770
Binding Energy / eV Binding Energy / eV

4f,,, 83.8 eV (AU°)
4f,,, 87.5 eV, (A°)

— after Ar etching

—— before Ar etching
94

(f) 2P 79708V
idized Co)

2p,, 781.4 eV
(Oxidized Co)

2p,, 7786 eV (Co")

—— after Ar etching
|—— before Ar etching
82 80 810 800 790 780 770
Binding Energy / eV

2 90 88 86 84
Binding Energy / eV
Fig. 3 XPS spectra for (a, b) AuCo/NXC-1, (c, d) AuCo/NXC-2

and (e, f) AuCo/NXC-3 (Au/Co = 1/7) before and after Ar
etching.

3.2 Catalytic activity
3.2.1 Effect of support types

In order to explore the catalytic behaviors of bimetallic NPs
immobilized by the two types of porous N-doped carbon
supports, catalytic H, generation from hydrolysis of NH3;BH;
were tested. As shown in Fig. 4, AuCo/CsN,;-1 had a high
capability for dehydrogenation of NH;BH;. Surprisingly,

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 10

Journal-of:MaterialsiChemistry A

compared to AuCo/C3N4;-1, AuCo/NXC-1 exhibited the

remarkably enhanced activity with a total turnover frequency
(TOF) value of 42.1 moIHz-molca{l-min'l, among the highest
values ever reported under the similar conditions (Table S1). In
general, the small size of metal NPs is beneficial for the

based catalysts prepared using the same synthesis method (Fig
6), indicating that the N-doped carbon supports played an
important role in the enhanced activity in hydrolysis of NH3BH3
In addition, the large sizes of AuCo nanoparticles in XC-based
AuCo catalysts might lead to their low activities (Fig. S3).

catalytic performance, especially activity.21 Nevertheless,
AuCo/NXC-1 featuring small size (3.3 = 0.5 nm) of AuCo NPs 150 @)
had much higher activity than AuCo/C3N,-1 featuring small size = PO i
- L]
(2.6 £ 0.3 nm) of AuCo NPs, which indicated that the different 1204 ! . A m AUCOINXC1
) . e ] 4" e AUCOINXC-3
N-doped carbon materials as supports for immobilizing -_' A A Rttt
bimetallic catalysts had a significant effect on the catalytic TE' 90+ = K AA‘
activities. This may also be explained that compared with the ~, _-' .o. 327=/%0 421
delocalized electron in nitrogen in C3;N, with graphite layered > 60 _-' o —.E'_
L] A 8
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» Yy
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L
high activity of AuCo/NXC-1 for hydrolysis of NH;BH;. o_f O RCONKC-T AUCONXCS AUCaNKGZ
T T T T T T
0 5 10 15 20 25
150 Time / min
mmE—————om . - 150
- o o* = AUCOINXC-1 (®) snu a4 o pk—A—d
] s o* ®— AUCO/C,N,-1 : Ak
A
5. o 120 [ A
o ° 3 A" = AuCo/C,N,-1
o = ° A
— 904 o o g ip o ®  AuCo/C,N,-3
s .r- o 50 oy - 904 ..' S A“ A~ AuCo/C\N,-2
S u " —E 1 < . o A - 50
> 604 . o 5 306 2 [ AE
. e ° 1 > 1 LI A =
X £ % > 60 ..' K AAA 5 | s
304 .l'-'o. 2 L'y A £25
= 5 30| 8¢ A 5 147
» = O LYY E 6.4
0™ AuCO/NXC-1  AuCO/C,N,-1 L £ .
6 é "4 é o ir =0 AuCO/CN,1 AUCOIC,N,-3 AuCOICN,2)
Time / min 0 5 10 15 20 25
Time / min

Fig. 5 Plots of time versus volume of H, generated from
aqueous NH3BH; (0.276 M, 6.2 mL) over (a) NXC-immobilized

Fig. 4 Plots of time versus volume of H, generated from
AuCo catalysts and (b) CsN4-immobilized AuCo catalysts at

aqueous NH;BH3 (0.276 M, 6.2 mL) over AuCo/NXC-1 and

AuCo/C5N,-1 at room temperature.
room temperature.

3.2.2 Effect of reduction methods
Different bimetallic NPs with different microstructures played
an important role in the catalysis.7e So the activities of
AuCo/NXC-1, AuCo/NXC-2 and AuCo/NXC-3 synthesized using
different reductants were investigated. The results showed
that AuCo/NXC-1 prepared via in situ reduction by NaBH, and
NH;3;BH; displayed the highest activity among the three
catalysts, and AuCo/NXC-2 prepared via ex situ reduction by
NaBH, displayed the lowest activity (Fig. 5a). In the C5N,4-
immobilized bimetallic catalysts, the activities were in the
order of AuCo/C5N,-1 > AuCo/C5N,4-3 > AuCo/C;5N,4-2 (Fig. 5b).
From the above catalytic results of the six AuCo catalysts, it
could be concluded that the synergistic effect of supports and
AuCo NPs with different microstructures played an import role
in catalytic activity in the hydrolysis of NH3BH3, resulting in the
highest activity of NXC-immobilized AuCo catalyst AuCo/NXC-1.
In order to confirm the contribution of N-doping in supports to
the catalytic dehydrogenation of aqueous NH3;BH;, the
activities of bare XC and N-doped XC (NXC)-immobilized AuCo
NPs were compared. The results showed that the bare XC-
based catalysts featured lower activities than N-doped XC-

3.2.3 Effect of metal components

Besides the microstructures, the components of active metal
NPs remarkably influenced their activities.”””* In view of this,
the activities of NXC and C3N -immobilized AuNi nanocatalysts
showed that they displayed

results
and their orderliness of

were tested. The

remarkably different activities,
activities was different from that of the corresponding AuCo

catalysts. The AuNi catalysts were ordered in terms of catalytic
activity: AuNi/NXC-3 > AuNi/NXC-1 > AuNi/NXC-2 (Fig. S16)
and AuNi/C3N;-1 > AuNi/C5N,4-3 > AuNi/C5N,-2 (Fig. S17). From
this phenomenon, it can be seen that as a whole, the activities
of AuCo catalysts were superior to AuNi catalysts, which could
be attributed to the more excellent activity of Co NPs than that
of Ni NPs toward hydrogen generation from NH3;BH;. In
addition, the activities of AuCo/NXC-1 and AuCo/C3;N,-1 had
remarkable change when the ratio of Au/Co was greatly tuned
(Figs. S18 and S19), which was similar to the reported
bimetallic catalysts for hydrolysis of NH3BH3.7h'7”’20 More
importantly, this tendency is beneficial for the remarkable

J. Name., 2013, 00, 1-3 | §
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decrease in the amount of noble metals in the catalysts.
Compare to the remarkable change with tuning the ratio of
Au/Co in the activities of AuCo/NXC-1 and AuCo/C3;N,-1
prepared via in situ reduction by NaBH, and NH;BH;,
AuCo/NXC-3 and AuCo/C3;N,-3 prepared via in situ reduction
by NH;BH; exhibited no significantly change in the activities
with the change of Au/Co (Figs. S20 and S21), which indicated
that the different reductants towards AuCl,” and co™ may play
an different role in constructing AuCo NPs with different
microstructures, resulting in different catalytic activities.
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Fig. 6 Plots of time versus volume of H, generated from
aqueous NH;BH;3 (0.276 M, 6.2 mL) over (a) AuCo/NXC-1 and
AuCo/XC-1, (b) AuCo/NXC-2 and AuCo/XC-2 and (c) AuCo/NXC-
3 and AuCo/XC-3 at room temperature.

3.3 Activation energy

Temperature plays an important role in the process of NH;BH;
hydrolysis.22 The catalytic dehydrogenation rates of NXC and
C5N -immobilized AuCo catalysts towards the aqueous NH;BH;
at different temperatures were investigated (Figs. 7 and S22).
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The results showed that the H, generation rate rose sharply
when the temperature increased from 298 to 323 K, indicating
that a high reaction temperature was beneficial for enhancing
the dehydrogenation rate of NH3;BH;. According to the
Arrhenius plot, the obtained apparent activation energy (E,) of
the dehydrogenation of NH3BH; involving AuCo/NXC-1,
AuCo/NXC-2 and AuCo/NXC-3 were calculated to be 31.92,
46.22 and 50.15 kJ/mol, respectively. Among these values, the
E, value of AuCo/NC-1 was the lowest and was lower than
most of the reported values even with noble-metal catalysts.23
In addition, the E, value of AuCo/Cs;N,;-1 was 40.91 kJ/mol,
which was higher than AuCo/NXC-1, but was still lower than
the reported values for the same reaction using various
catalysts.24
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Fig. 7 Plots of time versus volume of H, generated from
aqueous NH3BH; (0.276 M, 6.2 mL) and Arrhenius plots and
TOF values of NH3BH; dehydrogenation over (a, b) AuCo/NXC-
1, (c, d) AuCo/NXC-2 and (e, f) AuCo/NXC-3 (Au/Co = 1/7) at
different temperatures.

3.4 Recycle stability

The recycle stability is of crucial importance on the practical
application of catalysts, so the durability tests of AuCo/NXC-1,
AuCo/NXC-2 and AuCo/NXC-3 were carried out at room
temperature. As shown in Fig. 8, even after 5 runs, the
productivity of H, remained almost unchanged, indicating that
the three supported bimetallic catalysts had long durability,
which can be attributed to the formation of bimetallic NPs
immobilized by N-doped carbon supports. Compared to the
stable activities of AuCo/NXC-2 and AuCo/NXC-3, the activity
of AuCo/NXC-1 after the first run was lowered; however, its
activity kept constantly in the rest runs. This phenomenon was

This journal is © The Royal Society of Chemistry 20xx
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likely to result from the metastable state of AuCo alloy NPs

prepared via in situ reduction way.
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high recycle stability. Through designing and selecting porous
functionalized materials as supports to tune the interactions
between supports and active metal NPs with different
structures, it is possible to design high-performance

important for sustainable energy

nanocatalysts that are
production and chemical synthesis applications.
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High-performance hydrogen generation from hydrolysis of ammonia borane has been achieved

over porous nitrogen-doped carbon-immobilized bimetallic nanoparticles.
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