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ABSTRACT: A magnetically recyclable carbon nitride supported
Au−Co nanoparticles (Au−Co@CN) displayed exceedingly high
photocatalytic activity for hydrolysis of aqueous ammonia borane
(NH3BH3, AB) solution. Combined with a synergetic effect
between Au and Co nanoparticles, the Motty−Schottky effect at
the metal−semiconductor interface remarkably facilitated the
catalytic performance of the Au−Co@CN catalyst on the
hydrolysis of AB. The TOF value of Au−Co@CN catalyst is
2897 mol H2 mol−1 metal h−1 at 298 K under visible light
irradiation, which is more than 3 times higher than that of the
benchmarked catalyst, PVP-stabilized Au@Co nanoparticles.
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The increasing requirement of clean energy sources without
carbon-based emissions and other pollutants has resulted

in increased attention to the “hydrogen economy”, the key
point of which is to find a safe and efficient storage medium.1−3

Ammonia borane (NH3BH3, AB) has emerged as one of the
leading candidates for hydrogen storage materials due to its
relatively high hydrogen storage capacity (19.6 wt % of H2).

4−7

Thus, sustainable, cheap and efficient catalysts are poorly
needed to release hydrogen gas from AB under mild condition
for practical applications. Dehydrogenation of AB can be
catalyzed over homogeneous metal complexes by adding base
and/or organic ligands to get high hydrogen generation
rates.6−9 It is obvious that the difficulty in separating those
homogeneous catalysts from the solvents makes them
inconvenient for multiple uses in large scale. Alternatively,
heterogeneous catalysts involving metal nanoparticles can be
reused, though less active than the homogeneous counterparts.
The ideal sustainable catalysts should be recyclable, cheap, and
efficient for dehydrogenation of AB in green solvents without
any other additives at room temperature.
In the past, noble metal nanoparticle-based catalysts became

the mainstream of heterogeneous catalysts for the hydrolysis of
AB, but the price of the expensive catalysts rather obstructed
their practical applications.10−12 Bimetallic NPs with non-noble
metal contents have attracted considerable research interest in
recent years due to their unique optical, electrical, magnetic,
and catalytic properties compared with the monometallic
counterparts, such as Au−Co, Au−Fe, Ru−Co, Fe−Pt etc.13−17
More importantly, the introduction of certain amount of non-
noble metal components could significantly reduce the cost of

these catalysts without sacrificing the catalytic activity. Ration-
ally engineering the nanostructure of these bimetallic nano-
particles to form homogeneous alloy or core−shell structures
has been applied to further elevate their final catalytic
performance. However, their complicated fabrication processes
with harsh reaction conditions and the use of expensive
additives contradict the conception of green chemistry.
Approaches for significantly enhancing the activity of bimetallic
nanoparticle-based heterogeneous catalysts for dehydrogen-
ation of AB under mild conditions without sacrificial additives
are still challenging.
Support effects can be utilized for restraining the

agglomeration of the metal NPs and improving their dispersion
over the surface of catalyst support.18 Typical catalyst supports,
including metal oxides,19 activated carbons,10,20,21 and metal−
organic frameworks,22−24 have been adopted to stabilize NPs
and obtain more effective heterogeneous catalysts for
dehydrogenation of AB. After effectively resolving the stability
issues, more efforts are moving toward the study of the
synergistic effect between the metal nanoparticles and catalyst
support. Among the supports available for the embedding of
metal NPs, nanostructured carbon nitride (g-C3N4, also
abbreviated as CN) with a band gap of around 2.7 eV has
proved to be an ideal candidate, because the work functions of
most metals are located between the conduction band and the
valence band of g-C3N4.

25−28 The organic moieties of g-C3N4

could also help to stabilize NPs for more effective
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heterogeneous catalysts.29 Recently, there has been some
attempts to investigate the possibility of applying the Mott−
Schottky catalysis to enhance the catalytic performance of metal
nanoparticles for water splitting, artificial photosynthesis, and
other catalytic reactions.26−35 A rectifying contact between the
metal NPs and the semiconductive support is required to
obtain effective Mott−Schottky catalysts, resulting in the
electron transfer to the metal side with higher “nobility”
(Figure 1). Rational design of Schottky heterojunction between

the semiconductive support and metal nanoparticles combined
with the high activity of bimetallic nanoparticles may principally
elevate the catalytic performance of the hybrid nanocatalyst to a
great extent.
In order to improve the diffusion aspect of the dehydrogen-

ation reaction of solid AB, solvents are usually required to
ensure the high output of hydrogen gas for practical use.
Consequently, such a process results in the impeding of the fast
separation of catalysts from solution after use. Herein, we
described the fabrication of multifunctional carbon nitride
supported Au−Co bimetallic nanoparticles (Au−Co@CN) for
highly efficient, room-temperature dehydrogenation of aqueous
AB under ambient atmosphere. Besides the very high activity,
the resultant Au−Co@CN materials are magnetical and can be
recycled fast and facilely by using an external magnetic bar.15

Au−Co@CN can also act as a photocatalyst to give a much
higher reaction rate under visible light irradiation.
The mesoporous carbon nitride with a surface area of 160

m2/g and the pore size distribution centered at 14 nm was
chosen as the organic semiconductor catalyst support since it
has the suitable band position for constructing rectifying
contact (Figure 1b and S1 in Supporting Information (SI)). As
shown in Figure 1a, the work functions of many metals like Fe,
Co, Ni, and Au lie between the conduction band and the
valence band of carbon nitride, suitable for constructing a
rectifying Mott−Schottky heterojunction. The first-row tran-
sition metals, including Fe, Co, and Ni, were selected as
potential cocatalysts due to their low cost and high abundance
in nature. More importantly, recent theoretical and exper-
imental results also showed that either bare Fe, Co, or Ni
nanoparticles or their multicomponent nanohybrids can offer
good to excellent catalytic activities for various hydrogen
evolution reactions including dehydrogenation of
AB.1−10,15−17,20,21,36−38

Multifunctional Au−Fe@CN, Au−Co@CN and Au−Ni@
CN catalysts were prepared via a modified wet impregnation
method (for detailed method, see SI). Further characterization
was conducted for Au−Co@CN as the typical sample. This is

because Au−Co@CN offered the best catalytic performance for
dehydrogenation of AB with an optimized molar ratio of 4:96
(Au/Co) here (Figure S2), matching well with the results of
unsupported Au−Co nanoparticles.15 Molecular stabilizers
were not employed in the synthetic process to avoid the
formation of possible insulating layer between metal and
carbon nitride.
The successful deposition of metallic Au and Co on the

surface of carbon nitride support was confirmed by the powder
X-ray diffraction (PXRD) and nitrogen sorption analysis, and
the transmission electron microscopy (TEM) observation. As
indicated by the TEM images of typical Au−Co@CN sample
(Figure S3), the sizes of the Au nanoparticles on carbon nitride
were mainly smaller than 10 nm, similar to the size of Au NPs
deposited inside ordered mesoporous carbon nitride materi-
als.29 Obviously, the carbon nitride support could stabilize as-
formed Au nanoparticles due to its amine-rich surface. As the
major components of the bimetallic nanoparticles, the Co
nanoparticles (96 at. % of the total metal content) are roughly
in the amorphous phase, as demonstrated by the weak and
broad XRD peaks (Figure S4), whereas the XRD peaks of the
Au NPs (4 at. % of the total metal content) are much stronger.
High-resolution TEM images of the sample (Figure S3b)
further confirmed the formation of Au nanocrystals and larger
Co amorphous nanoparticles with irregular shape and a size
ranged from several to tens of nanometers. The nitrogen
adsorption analysis results (Figure S1) suggest that the
nanopores of mesoporous carbon nitride were partially filled
with metal components, resulting in smaller surface area (93
m2/g), pore volume, and pore size. Such a hybrid Au−Co
nanostructure with Au core completely or partly covered by Co
shells may benefit their potential applications in catalysis.
Indeed, it is the tandem reduction of Au and Co by using AB as
a mild reductant that led to the formation of such a unique
hybrid nanostructure.15 No obvious change in the FTIR spectra
of the samples after the metal loading was observed, presenting
well the chemical stability of the carbon nitride support (Figure
S5).
Catalytic tests on hydrolysis of aqueous AB were carried out

at room temperature, which is an ideally mild condition for
practical usage. The support effect of carbon nitride is clearly
demonstrated in the study of catalytic hydrogenation
generation. As shown in Figure 2a, Au−Co@CN (30 wt %, if
not otherwise specified) completed the decomposition of AB
within 5 min, which is much faster than that of the unsupported
sample Au−Co (10 min). Visible light (λ ≥ 400 nm) further
boosts the catalytic activity of Au−Co@CN, shortening the
decomposition process to 150 s. Although previous reports
about the effect of the conducting carbon support such as
graphene and the insulating metal oxides supports focus mainly
on the increased dispersion of metal nanoparticles, our results
suggest that the variation of the electron structure of metals
when coupled with the semiconductor supports could achieve a
remarkable improvements of the activity.
The elevated catalytic property of supported Au−Co@CN is

attributed to the electron enrichment of metal nanoparticles,
which is named the Mott−Schottky effect. Driven by the
difference of the work function, the electron flows from the
conduction band of carbon nitride to the metal side, forming a
potential barrier. No backward flow is allowed after this
Schottky barrier is built. Under visible light irradiation, the
excitation of carbon nitride injects more electrons to the metal
nanoparticles and obtained enhanced charge separation. This

Figure 1. (a) Work functions of typical metals and band structures of
carbon nitride. (b) Schematic view of Mott−Schottky type contact
based on Au−Co hybrid nanoparticles.
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was revealed by the distinct decrease of the photoluminescence
of carbon nitride after metal loading (Figure S6) while the band
gap was not changed obviously after the deposition of metal
nanoparticles as estimated by the similar absorption edge of the
samples (Figure S7). It seems that the electron enrichment
caused by illumination further improved the catalytic perform-
ance of Au−Co@CN. Besides the electron injection from CN
to metal, surface plasmonic effect was also another possibility
for enhancing the photocatalytic activity, while plasma
absorption of Au NPs was also observed in the UV−vis
adsorption spectra of Au−Co@CN (Figure S7). The fact that
the activity of unsupported catalyst Au−Co offered similar
hydrogen evolution rates (Figure 2a) for both dark and
photocatalytic reactions, excludes the possible influence of
thermal effect or surface plasmonic effect on the catalysis
process here. The Mott−Schottky effect, as demonstrated in
our previous reports for organic synthesis and decomposition of
formic acid,31−34 also plays a key role in facilitating the rate of
hydrolysis reaction of AB here (Scheme S1).36

The synergetic effect between Au and Co nanoparticles also
plays a critical role in enhancing the photocatalytic performance
of Au−Co@CN. Co@CN and Au@CN shows relatively poor
activity compared with Au−Co@CN (Figure 2b). To find the
origin of the synergetic effect, further analysis on the structure
of the metal NPs were conducted. Generally, an Au−Co
interface, as has been demonstrated by the HRTEM
observation (Figure S3b), is believed to be the most active
cites in the metal nanoparticles. As shown by Xu et al., the
control of the stepwise reduction process by rationally selecting
reductant is of key importance to construct such a kind of
bimetallic interface.15 Homogeneous metal alloy obtained by
fast reduction using NaBH4 could only offer a moderate
catalytic activity.
The metal loading proportion was then optimized by

evaluating the catalytic activity of Au−Co@CN with the

metal weight percentages range from 1.5 wt % to 90 wt %. The
atomic ratio of Au and Co was optimized to be 4:96 for all
samples. The rates of hydrogen generation gradually increased
with more metal loadings up to the optimum value of 30 wt %
(Figure 3a and Figure S8). However, too much metal deposited

on the surface of CN will potentially impede the light-
harvesting process as well as the approach of the reactant to the
as-formed active site located at the interface of metal and
support. This is because the available sites for building the
effective metal−semiconductor contact are limited on the
surface of CN. As a result, further increase in the metal loading
from 30 wt % to 90 wt % could only lead to ever worse catalytic
activities of the catalysts.
After optimizing the various catalytic parameters for the

dehydrogenation of AB, the best catalyst Au−Co@CN with a
metal loading of 30 wt % and an atomic ratio of 4:96 (Au/Co)
achieved a remarkable TOF value of 1704 mol H2 mol

−1 metal
h−1, which is about twice of that over PVP-stabilized Au@Co
nanoparticles.15 Visible light irradiation could further improve
the TOF value of Au−Co@CN to 2897 mol H2 mol

−1 metal
h−1. This TOF value is significantly higher than those over
reported Au and/or Co NPs based catalysts reported in the
literature (Figure 3b and Table S1).15−17,20,21,37,38 It is worth
noting that TOF of our catalyst was as high as 71410 mol H2
mol−1 noble metal h−1, surpassing that (24540 mol H2 mol

−1

noble metal h−1) of the benchmarked catalyst Pd@Co/
graphene in the literature.37 It is thus obvious that such a
photocatalytic responsibility of Au−Co@CN combined with
the synergetic effect between Au and Co nanoparticles is highly
efficient for dehydrongenaion of AB for hydrogen evolution

Figure 2. (a) Hydrolysis of aqueous AB solution catalyzed by Au−
Co@CN or Au−Co with or without photoirradiation (λ ≥ 400 nm).
(b) Hydrolysis of aqueous AB solution catalyzed by Au−Co@CN,
Co@CN and Au@CN with photoirradiation (λ ≥ 400 nm). Typical
conditions: 0.26 M aqueous AB solution (5 mL), molar ratio of
catalyst/AB = 0.02, ambient atmosphere = 298 K.

Figure 3. (a) Hydrogen generation from aqueous AB solution
catalyzed by Au−Co@CN-x% (x%: weight percentages of metal
contents, x = 1.5−90) under photoirradiation. (b) TOF values for
hydrogen evolution via decomposition of AB over Au−Co@CN
described in this work and various benchmarked catalysts in the
literature: Au@Co,15 Pd@Co/graphene,37 RuCo/γ-Al2O3

38 and Ag@
Co/graphene.21 The amounts of catalyst (Cat.) were calculated on the
basis of the moles of noble metal components involved.
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reaction, promising great potential to rationally construct useful
metal−semiconductor interface and also bimetallic or trimetal-
lic interfaces for further facilitating the final catalytic activity to
a great extent (Scheme S1).
As important issues for practical use of heterogeneous

catalyst, both the stability and the reusability should be tested.
The supraparamagnetic Au−Co NPs (Figure S9) in the catalyst
bring the advantage of easy separation using an external
magnet,39,40 which greatly facilitate the recycle process of the
catalyst (Figure 4b). The recycling experiment of Au−Co@CN

was conducted facially by a magnetic separation procedure
(Figure 4a) and then replenishing the reaction vessel with fresh
aqueous AB solution every 6 min. As shown in Figure 4b, there
was only a slight decrease in catalytic activity even after five
rounds of reactions, indicating a well-established reusability for
practical applications. The chemical stability of carbon nitride
support was also high as revealed by the FTIR spectra of the
used sample (Figure S5). Again, the strong interaction between
Au−Co NPs and CN afforded the hybrid catalyst superb
stability.
In conclusion, we highlighted the construction of multifunc-

tional Au−Co@CN hybrid nanocatalyst for highly efficient
dehydrogenation of aqueous AB solution in this work. Under
mild conditions, Au−Co@CN displayed exceedingly high
photocatalytic activity for hydrogen generation, surpassing the
benchmarked catalysts reported previously. The synergetic
effect between Au and Co nanoparticles and the Mott−
Schottky effect at the metal−carbon nitride interface were
proved to account for the outstanding catalytic propriety of
Au−Co@CN. Also, the simple and cost-effective fabrication
process, the magnetic recyclability, and the good stability of
Au−Co@CN paves its way for practical applications. Also, the
ambient sun rays can be chosen as light source to significantly
accelerate the hydrogen generation rate without adding organic
ligands or more Au nanoparticles. That way, the cost for
corresponding applications will be reduced largely. Further
extending the application of Mott−Schottky effect and
bimetallic synergetic effect to fabrication of efficient nano-

catalysts for both hydrogen storage and organic synthesis41 will
also be tried in our group.
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