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Metal Non-Oxide Nanostructures Developed from
Organic-Inorganic Hybrids and Their Catalytic
Application

Qingsheng Gao,*® Ning Liu,® Sinong Wang,” and Yi Tang*"

The rational design of metal non-oxides is important for their catalytic application, which is
however limited by the current synthetic strategies being short of effective control over
formation reactions. Recently, the hybrids evenly integrating organic with inorganic molecules
on nanoscale significantly provide quasi-homogenous reactions towards well-defined
nanocatalysts of metal non-oxides, in which their structures and properties can be modulated in
a wide range. Focusing on the nanostructures and the related catalytic behaviors, this feature
article seeks to provide some control on the key structures and properties of metal non-oxides
(e.g., carbides, nitrides, sulfides and selenides). It is thus anticipated to shed some light on the
development of emerging materials for efficient catalysis, especially those used in energy

utilization.

l. Introduction

Metal non-oxides, including carbides, nitrides, sulfides etc., are
a class of important functional materials with applications in
catalysis, refractory  ceramics, sensing  technology,
electrochemistry and optoelectronics.®® Compared with relative
oxides, metal non-oxides are significant for the abundant
physicochemical properties associated with their electron-rich
bonds and tunable interactions between metals and non-oxygen
elements.*® Commonly, the lower electronegativity of non-
oxygen elements (vs. O) extends the functionalities of metal
oxides. If oxides are insulators, the corresponding metal non-
oxides can be semiconductors, and even in some cases, metallic
properties are found.” Among them, the carbides and nitrides of
early-transition-metals (e.g., Mo and W) often exhibit noble-
metal-like catalytic properties.”*® In such compounds, the
formation of alloy phases involving metal with carbon or
nitrogen atoms usually enlarges the spacing of metal-metal (M-
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M, Scheme 1). As a result, the density of unoccupied d-orbitals
is obviously reduced due to the band contraction, which leads
to the DOS (density of states) around Fermi level and
consequent catalytic properties similar to those of noble
metals.® Their high performance has been well proved in
hydrogenation and dehydrogenation reactions,'®'! and the
outstanding tolerance to S and CO further promotes them as the
efficient and economic substitutes for high-cost precious-metal
catalysts.’>!® On the other hand, electron transfer from metals
to non-oxygen elements will increase the DOS of unoccupied
d-orbital, in contrast to the effect of M-M expanding owing to
alloying.* Inspired by such two opposite mechanisms, the well-
tailored electronic and surface properties are expected to be
achieved via the precise control on composition and structure.
As illustrated in ammonia catalytic decomposition, the
introduction of N into Mo,C obviously improved H, formation
rate, comparable to that over Ru-based catalysts, because of the
highly energetic sites involving twin boundaries, stacking faults,
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and defects.’® Undoubtedly, metal non-oxides are promising
catalysts for the catalytic processes during energy utilization,
which usually demand high-performed materials with tunable
structures, prominent properties and economic cost.

metal non-oxides

Distancey y T
DOS of empty d-band |

s \ ”
. CH,0H
(de)hydrogenation
noble-metal-like catalysts with the
prominent tolerance to CO and 8

tunable properties associated with
composition and structure

Scheme 1. Schematic illustration for the noble-metal-like catalytic
properties of metal non-oxides depending on their composition and
structure. Panels are reproduced with permission.’* Copyrights 10P
Publishing (2013)

Most of metal non-oxides are traditionally prepared via
temperature programmed reduction (TPRe) methods employing
the gas-solid reactions between relative oxides with
carbon/nitrogen/sulfur-containing gases (e.g., CH4/H,, NH; and
H,S).11° Such flows are flammable, corrosive or environment-
unfriendly. Incomplete transformation is difficult to avoid since
the reactions take place only on gas-solid interfaces, inducing
the obvious difference between surface and bulk-phase. In
particular, the polymeric carbon species on metal carbides
resulting from the pyrolysis of excessive carbon-containing
gases would cover the active sites of products and unfortunately
reduce the catalytic activity.”> Meanwhile, the composition and
crystallographic structure essentially deciding the catalytic
behaviors of metal non-oxides are not easy to control due to the
overreactions during high-temperature treatment, especially in
the case of gas-solid interface reactions. For example, TaON
and TazNs, the novel visible-light-driven photocatalysts, usually
suffer the over-nitridation to inactive Ta;Ns and TaN by-
products.’® Additionally, the complex and strict synthetic
conditions, such as harsh control on temperature ramping rate,
gas components, and flow rate, inhibit the scaled preparation
and further application.'”*® Thus, new and facile synthetic
strategies with the precise modulation over catalyst structure
and property are highly demanded.

Organic-inorganic  hybrid materials integrating two
counterparts into a single structure on nanoscale have recently
provided special opportunities towards functional
nanostructures of metal non-oxides. Noticeably, the presence of
inorganic framework in sub-nanometer dimension surrounded
by active organic molecules (containing C, N or S) can
facilitate the quasi-homogeneous generation of metal non-
oxides, avoiding the use of flammable, corrosive and
environment-unfriendly flows, e.g., H,, NH3; and H,S. Such
innovation significantly expresses the unique merits for catalyst
design. Firstly, the quasi-homogeneous generation of metal
non-oxides evolved from the body of organic-inorganic
nanohybrids successfully avoids the disadvantages of gas-solid
reactions in TPRe, ensuring the easy manipulation, complete
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reactions, nanosized products with  well-defined
structures. Secondly, effective control over the
transformation of organic and inorganic counterparts can be
introduced into reactions to further tailor the composition,
crystallographic structure, surface property of non-oxides.?>%
Thirdly, the synchronous evolutions of precursor topologic-
deformation and non-oxide generation benefit the versatile
fabrication of hierarchical nanocatalysts, synergistically
enhancing the features of various building blocks with multi-
dimensions and multi-phases.??

Recently, significant progresses have been made in
developing nanosized metal non-oxides via the controlled
evolution of organic-inorganic hybrids, and exploring the
catalytic applications to optimize the efficiency, processability,
stability, and cost-effectiveness. Regarding the rapidly booming
attention in this cutting-edge area, it is necessary to highlight
the new discoveries and achievements in the past few years. In
this feature article, special focus is put on several non-oxide
nanostructures of transition-metal (e.g., Mo, W, Ta, Fe and Co)
with prominent catalytic applications.

I1. Metal carbides

Transition-metal carbides, e.g., Mo,C, WC, W,C and Fe;C,
have been used as efficient catalysts for hydrogenation and
dehydrogenation processes due to their noble-metal-like
catalytic properties.> As mentioned above, incomplete
conversion and surface carbon-deposition are difficult to avoid
owing to the gas-solid interface reactions in conventional TPRe
methods.®® Other routes of chemical vapor deposition,
sonochemistry?” and NaBEtzH-reduction?® also suffer the
complex associated with harsh manipulation. In the recent
work, 2?1230 grganic-inorganic nanohybrids were introduced
to fabricate nanosized carbides via quasi-homogeneous
reactions between sub-nanometer-contacting inorganic (metal
source) and organic molecules (carbon source). This
successfully avoids the disadvantages of interface reactions in
TPRe and other methods.

i ’
Mo,0, (C.H;N),2H,0

g
hybrid nanowires

100MmR

Fig. 1 (a) Schematic illustration for synthesis of Mo,C-based
nanocatalyst from Mo301o(CsHsNHz)2-2H,0 nanowires. TEM images of
(b) Mo03040(CsHsNH3),-2H,O nanowires, (c, d) nanoporous Mo,C
nanowires. Panels are reproduced with permission.?* Copyrights ACS
(2009) and RSC (2014).
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Taking Mo,C as an example, its facile synthesis has been
achieved based on MoO,/amine precursors (Fig. 1a).? The
hybrid structure of Mo030;¢(Ce¢HsNHS3),-2H,0 nanowires (Fig.
1b) benefited the generation of one-dimensional (1D) Mo,C
composed of small nanoparticles via easy calcination under
inert flow (Fig. 1c and 1d). The uniform reactions throughout
precursors, employing aniline as both reducing agent and
carbon source, significantly promoted the preparation to several
grammes, dozens of times of the limitation in typical TPRe.
The abundant nanoporosity and large surface (51 ~ 65 m?/g)
free from depositing carbon (Fig. 1c) suggest the good surface
activity of Mo,C. In the production of H, from methanol
catalytic decomposition, Mo,C nanowires delivered the
obviously enhanced activity and stability in comparison with
Mo,C derived from TPRe.?

Volmer reaction :

H,0'(ag) +e +* = H*+H,0())
Heyrovsky reaction:

2H* H* + HO'(aq) +e~ = H,(g) +H,0()+*
or Tafel reaction:

H* + H* = H,(g) +2*
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Fig. 2 (a) Schematic illustration for HER over Mo,C nanowires. (b)
Polarization curves obtained from glassy carbon electrodes modified
with different Mo,C catalysts (mass loading 0.21 mg cm™), and (inset
of a) the corresponding Tafel plots recorded with the catalysts loading
of 0.21 mg cm?; scan rate is 2 mV s™. (c) Stability for the Mo,C
nanowires modified electrode with initial LSV polarization curve and
after 1000 cycles in 0.5 M H,SO, at a scan rate of 10 mV s™. Inset is the
time dependence of catalytic currents during electrolysis for Mo,C
nanowires in 0.5 M H,SO,4 at 1= 130 mV. Panels are reproduced with
permission.®* Copyright RSC (2014).

Advanced catalysts with element-abundance, economic-cost
and stability are desired for electrochemical hydrogen evolution
reaction (HER) to scale-up the promising clean energy of
hydrogen.®**® We have recently explored the superior

This journal is © The Royal Society of Chemistry 2012
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electrocatalytic properties of Mo,C nanowires for HER from
H.,O (Fig. 2a),*! ensuring the good prospect to replace precious-
metal catalysts inhibited by the scarcity and high cost.®* The
catalytic current ascribed to HER was observed at a low onset
overpotential of ~70 mV (vs. RHE), and it rose rapidly at more
negative potentials with current densities of ca. 60 mA cm™ at n
= 200 mV, about 50 times of that delivered by commercial
Mo,C (Fig. 2b). Meanwhile, a Tafel slope of ~53 mV dec*
(Inset of Fig. 2b) indicated the obviously promoted VVolmer step
over Mo,C. Additionally, the stability of catalytic response was
satisfied. The catalyst afforded similar i-V curves to the initial
cycle with negligible loss of activity even after 1000 cycles,
and the current density around 12 mA cm? at a fixed
overpotential of 130 mV was remained over 25 hours in time-
dependence electrolysis (Fig. 2c).

Noticeably, the precursors of MoO,/amine nanohybrids, e.g.,
Mo030,9(CgHsNH3),-2H,0, possess tunable crystallographic
structure, composition and morphology relying on the pH
condition, molybdate concentration and amine species during
solution-based synthesis,*® indicating opened opportunities to
further tailor the catalytic behaviors of Mo,C. Various 1D and
two-dimensional (2D) nanocatalysts of Mo,C were derived
from kinds of MoO,/amine.? And their distinguishing
performance associated with textural features, e.g., surface area,
dispersibility, size and nanoporosity, were proved in the
electrochemical HER from H,0.!

The versatile design towards high efficient molybdenum-
carbide electrocatalysts is well suggested by the above strategy.
Wang et al have developed a series of nanoporous Mo,C
nanorods through the carburization of
M03010(CeHsNH3)2-2H,0 in Ho/Ar.*® 1t was found that pure
Mo,C nanorods were obtained with 20 vol.% H.,/Ar at 700 °C,
and metallic Mo phase emerged under 35 vol.% and 50 vol.%
H,/Ar flow because of the over-reduction of Mo,C.
Electrochemical test showed that Mo,C contributed to the high
catalytic activity, and Mo was inactive for HER due to its
strong bond to atomic H. Decorated with Ni (30 wt.%), Mo,C
nanorods can be promoted comparable to Pt in alkaline
condition. Leonard et al employed amine-metal oxide
composites as the versatile precursors to fabricate various
phases of molybdenum carbides (a-MoC,., B-Mo,C, n-MoC,
and y-MoC) towards HER.*’ Briefly, the hybrid obtained from
an aqueous solution of ammonium molybdate and 4-Cl-o-
phenylenediamine was heated under Ar flow at 750 °C for 12 h
to form a-MoC,_,, 850 °C for 12 h to form p-Mo,C, and 850 °C
for 24 h to form y-MoC, respectively (Fig. 3a). And p-
phenylenediamine was used to produce n-MoC at 1050 °C with
zero dwell time. The electrocatalytic test showed that f-Mo,C
and y-MoC possess the high HER activity with a much higher
current density and lower overpotential than a-MoC, and n-
MoC (Fig. 3b). The satisfied activity of p-Mo,C and y-MoC
should be ascribed to their valence band shape similar to that of
Pt, as confirmed by XPS analysis. And the slightly lower
density around Fermi level of y-MoC than B-Mo,C indicated
the higher stability of y-MoC in acidic solution.®® Meanwhile,
Mo,C electrocatalysts have been also developed using biomass
as precursors, e.g. common soybean proteins rich in carbon and
nitrogen.®® The derived catalysts containing 55% Mo,C and 45%
Mo,N drove the HER at low overpotentials. The overpotential
needed for driving a current density of 10 mA cm (1) was
~177 mV, rivaling the performance of bulk Pt. And, thanks to
the acid proof y-Mo,N phase, this catalyst was highly durable (>
500 hours) in a corrosive acidic solution.

J. Name., 2012, 00, 1-3 | 3
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Fig. 3 (a) XRD patterns of 1) a-MoC..x (JCPDS 01-089-2868), II) n-
MoC (JCPDS 01-089-4305), 111) y-MoC (JCPDS 00-045-1015), and 1V)
B-Mo,C (JCPDS 00-011-0608), and (b) the corresponding polarization
curves in 0.1 M HCIO, (mass loading 0.28 mg cm™). Panels are
reproduced with permission.*” Copyright Wiley (2014).

0.00

Other metal carbides highly active for HER have been also
developed from organic-inorganic nanohybrids. Ham et al
utilized the carburization of ammonium metatungstate and
resorcinol-formaldehyde resin to yield W,C microspheres with
high surface area (176 m? g™*), high chemisorption capacity and
good activity for the HER.*’ In 1 M H,SO, solution, the
specific activity value reached 1.6 mA cm? at n = 100 mV,
higher than that of commercial WC (0.09 mA cm™ at = 100
mV). Takanabe et al used mesoporous polymeric carbon-
nitrides (C3N,) as the carbon source and template to synthesize
nanocrystals of tungsten carbides.** Through the solid-state
reaction of tungsten precursors embedded in reactive CsN,
matrix under inert flow, WC and W,C nanoparticles with the
size of ~ 5 nm were harvested at different temperature (Fig. 4a),
which were examined in 0.5 M H,SO, solution (Fig. 4b).
Cathodic currents attributed to HER were observed for all
carbides with an onset overpotential of approximately 100 mV.
The sample WC-1223 (synthesized at 1223 K) exhibited the
highest HER current among all of the samples with an onset
overpotential of ~75 mV. The n3, on WC-1223 was found at
125 mV, comparable to Pt bulky catalysts. This synthetic
strategy was further extended to tantalum carbide nanoparticles
utilizing C3N4/Ta precursor under N, flow.*? By altering the
weight ratio of C3N, template relative to Ta precursor at 1573
K, the formation of TaC, Ta,CN, and TaN can be controlled.
Electrochemical test revealed that the nanocatalysts were
consistently able to produce hydrogen under acidic conditions
(pH ~1), however carbides presented the lower activity than
nitrides.

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

—_—
Q
-
-
=
(¢]
L]
=
(]

Intensity
o
N
w
%

=10

=20 4

j!mAcm?

30
1273 K

-40
0.25

-0.15 -0.10 -0.05 0.00

Potential / V vs. RHE

-0.20

Fig. 4 (a) XRD patterns and (b) HER voltammograms of tungsten
carbide product obtained at different temperature (mass loading 1 mg
cm®). Panels are reproduced with permission.** Copyright Wiley
(2013).

As for other catalytic reactions, various metal carbides have
been fabricated from different organic-inorganic nanohybrids.
For example, unsupported Mo,C can be fabricated from

Mo(VI)-hexamethylenetetramine ~ (HMT),®  Mo(CO);,*
Mo(V1)-Melamine**  etc., which  were active for
hydrodesulfurization (HDS) of dibenzothiophene,®® and

hydrogenation of naphthalene.**

The new system of “urea-glass route” established by
Antonietti and Giordano et al is significant to prepare a wide
variety of mono-dispersed metal-carbide nanoparticles based on
amorphous hybrid precursors of metal-urea gels.”***® Starting
from non-aqueous processes, homogenous gels composed of
enriched M-O-C bonds reactive for carbide formation are
generated via metal-chlorides reacting with urea in ethanol or
methanol, and then, the nanosized carbides are finally obtained
after calcination under inert flow.” Simply by adjusting the
reaction conditions, the composition and structure of the
products can be varied. It is needed to point out that the “urea-
glass route” is also available for the preparation of metal-
nitrides, especially in the low range of urea/metal ratio, which
benefits the versatile design of metal carbides/nitrides
heterostructures.” Another advantage is that the viscous gels are
processable and can be operated into glassy film or porous
matrix, thus enabling processes like spray coating, spinning,
printing, or templating.*6*’

Various nanosized carbides of Mo, W, Ti, Nb, V, Fe etc.
have been achieved via this route,” which were used as efficient
catalysts  for  oxidation, alkylation, and ammonia
decomposition.*”*® For example, Mo,C and WC obtained via
typical urea-glass route are active for benzyl alcohol
oxidation.*® Such catalysts exhibited the bifunctional nature to
catalyze dehydrogenation and dehydration reactions, in which
the relative ratio of reacting pathways can be tuned by a careful
choice of the reaction conditions, such as the polarity of
solvents. Mesoporous Fe;C was fabricated through a modified

This journal is © The Royal Society of Chemistry 2012
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urea-glass route using silica nanoparticles as a hard template,
which presented the high activity towards hydrogen production
from ammonia decomposition.®’ The conversion of ammonia
above 95% was found at 700 -C over mesoporous Fe;C with
the specific surface area of 415 m?g, while only ~ 50%
conversion was observed on FesC nanoparticles with the
surface area of ~70 m?/(g. Meanwhile, the possibility to
synthesize metal-carbide based materials with non-spherical
morphologies and anisotropic shapes such as nanofibres can
bring additional features to the final system. A simple two-step
approach was established for the synthesis of chromium carbide
nanofibers by means of an electrospinning technique.*® In this
procedure, urea/metal gels were shaped to fiber precursors and
then thermally treated, resulting in two different types of fiber
structures depending on the calcination temperature, which
were active for the oxygen reduction reaction.

(a)
+CNT 725 C
/ impmanauon
\/ : Mo.0.(CHN) Mo, CICNT
& P Co
N NT+Co(NO,), ,
¥ . . 728°C
i L Y L - ol
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Mo.0, Co™ .
,0.(C,HN),2H0 &
11 Co-Ma,C/ICNT
(€)oo 5

I OMFCs converson
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[
Mo,CICNT 1D Mo,C C-Mo,C CNT  no cat.

Fig. 5 (a) Schematic illustration for the fabrication of CNT-supported
Mo,C catalysts, and (b) TEM image of Mo,C/CNT. Inset of (b) is the
schematic representation of the initial compositions of the aqueous and
organic phases, with the catalyst suspended at the interface, used to
perform the biphasic H, evolution reaction. (c) Conversion rate of
[DMFc]® to [DMFc'] after 600 s and the calculated apparent rate
constants for the biphasic HER in the presence and absence of each
catalyst. (f) Schematic of the biphasic H, evolution reaction in the
presence of the conductive catalytic Mo,C/CNT floating at a polarised
interface. Panels are reproduced with permission.®® Copyright RSC
(2013).

Uploading nanosized metal carbides on supports with large
surface will promote the highly-dispersed active sites and
catalytic performance.®® As for supported Mo,C catalysts,
several strategies have been introduced, including TPRe,%?
carbothermal hydrogen reduction,®®  and annealing
mechanochemical,> which are, however, limited by the danger
associated with using H,, carbon deposition on carbide surface
or difficulty in dispersion. Our synthetic strategy based on
MoO,/amine can be extended to supported Mo,C catalysts.?®
Thermally stable carbon nanotubes (CNT) were used as the
support, and Mo30,9(CsHsNH3),-2H,0 precursor was loaded
via a typical impregnation process (route | in Fig. 5a). After the
following calcination, Mo,C nanoparticles with the size of ~ 10
nm were uniformly loaded on CNT (Fig. 5b). Such a process
was safer and more easily controlled than traditional TPRe and
carbothermal hydrogen reduction methods due to the absence of
H,. The nanocomposites served as advanced catalysts for
hydrogen evolution at a polarized water-1,2-dichloroethane
interface, in which protons were pumped from the aqueous to
the oil phase by the interfacial Galvani potential difference, and

This journal is © The Royal Society of Chemistry 2012
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subsequently reduced to H, over Mo,C/CNT by
decamethylferrocene (Inset of Fig. 5b).%° As shown in Fig. 5c,

the superior activity of Mo,C/CNT was demonstrated by the
reaction rate constant of 2.88 x 102 s, higher than that of
Mo,C nanowires (1.65 x 10 s1), commercial Mo,C (7.5 x 10®
s and CNT (4.8 x 10 s™). The highly-dispersed catalytic
sites on Mo,C/CNT were well indicated, and the support of
CNT particularly acted as highly efficient conduits or “transport
superhighways” for injected electrons to reach active Mo,C
(Fig. 5d).

This method was opened to load additive components to
promote Mo,C. If Co(NOj), was co-impregnated to CNT
accompanying the hybrid precursor, the Co-modified
Mo,C/CNT (Co-Mo0,C/CNT) can be obtained (route Il in Fig.
5a), in which the individual nanoparticles of Mo,C and Co were
well-dispersed on CNT (Fig. 6a).% In the catalytic methanol
decomposition for H, production, Co was the key additive for
stabilizing activity. As the liquid hourly space velocity (LHSV)
of methanol was 1.5 h™, complete methanol conversion over
Co-M0,C/CNT (Nmoco = 1.0) at 450 °C was noticeably
maintained for 76 h with a H, selectivity above 90%, i.e., H,
production rate of 2844 pmol min? g (Fig. 6b). Under
LHSV of 1.0 h*, the high performance can be kept to 200 h
with H, production rate of 1896 pmol min™ ge™. In
comparison, Mo,C/CNT suffered an obvious deactivation after
10 h of reaction, and Co/CNT displayed the low H, selectivity
of 40%. The effect of Co was ascribed to its ability to turn
carbon-deposition on Mo,C to CNT, maintaining the high
activity towards H, production,® which were well confirmed
by the TEM investigation carried out after a methanol stream at
450 °C (Fig. 6¢-6¢).

(b) 100 v)maen

804

g
E =p=1=1-|
%S 604
=3
o L
°E
S8 40
52 --A-- Conversion --V--H, Selectivity
© 5 2] 7], [T cH, I CO,
3 [ZIHCHO [ CO
Q

L P TP AT PT TP
10 20 30 40 50 60 70 80 90 100

Fig. 6 (a) TEM images of Co-Mo,C/CNT. Insets of a are the TEM
images of Mo,C and Co nanoparticles. (b) Performance of producing
H, from methanol decomposition over Co-Mo,C/CNT (6.0%, Mo/Co =
1.0) at 450 °C with time on steam (LHSV =1.5 h™, mg, = 1.0 g). TEM
images of the carbon deposition on (c) Mo,C and (d) Co-Mo,C
catalysts after treatment under CH;OH/Ar at 450 °C in a tubular reactor
for 8 h; and (e) is the HRTEM image of Mo,C surface in Co-Mo,C
after methanol treatment. Obviously, a layer of deposited carbon was
easily observed in Mo,C, while, only CNT, but not heavy coke, was
formed on the surface of Mo,C with Co-modification. Panels are
reproduced with permission.?® Copyrights RSC (2010).

As for supported tungsten carbide, similar strategy has been
developed by Nakanishi et al utilizing a tungsten acid/polymer
hybrid as precursors (Fig. 7a).>® The polymerization of
polydiaminopyridine (PDAP) released protons to react with
Na,WOQ,, resulting in nanohybrids composed of PDAP and
insoluble H,WO, nanoparticles. The hybrids were pyrolyzed in

J. Name., 2012, 00, 1-3 | 5
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the presence of iron to form N-rich tungsten carbonitrides (Fe-
WCN). As indicated by TEM investigation (Fig. 7b and 7c),
numerous nanoparticles of ca. 10-20 nm in diameter were
uniformly loaded on carbon nitride nanospheres (~500 nm). As
compared with the reference catalysts of CN, FeCN and WCN,

Fe-WCN displayed the remarkably increased HER activity (Fig.

7d), which was ascribed to the low resistance (0.5 Q cm) and
large surface area (127.2 m? g). An onset overpotential of
about 100 mV, a current density of 10 mA cm™? at n = 220 mV
and a Tafel slope of 47 mV dec™ were observed on Fe-WCN in
acidic medium, comparable to the most cost-effective
electrocatalysts. XPS analysis (Fig. 7e) confirmed the lower-
energy shift with increasing pyrolysis temperature due to the
loss of N content in Fe-WCN, which suggests the W-bound N
species substantially decreased the electron density of W atoms,
and thus downshift the d band of W active sites to promote the
combination of H,q to H..

(a)HzN
=N
§ ) NH, 57733, +Fe(NOs); = 800°C,2h
+ :}‘,"‘:; '?< : ":*Z:‘.
NaOH+APs il H ;.:“i;;;;»%gg{ 5 —
050000 00 eRTe eI
Na,Wo, s RES3 e

PDAP/H,W0O, PDAP/H,W0,/Fe(NO;),

_
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d

(GSA).
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Intensity

——JImA cm?
S
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Fig. 7 (a) Synthesis of Fe-WCN nanocatalysts from H,WO./PDAP
nanohybrids. (b, c) TEM images of Fe-WCN synthesized at 800 °C. (d)
HER polarization curves of glassy carbon, CN-800, FeCN, WCN-800,
Fe-WCN-800, and commercial Pt/C catalyst in a pH 1 medium (mass
loading 0.4 mg cm™2). (e) W 4f spectra of Fe-WCN catalysts prepared at
various temperatures. (1) Fe-WCN-700, (2) Fe-WCN-800, (3) Fe-
WCN-900, and (4) Fe-WCN-1000. The inset shows the deconvoluted
XPS W 4f spectra of (2) Fe-WCN-800. W1 and W2 are N-bound
Watoms, W3 and W4 are O-bound W atoms. Panels are reproduced
with permission.®® Copyright Wiley (2013).
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The strategy towards metal-carbides loaded on supports
with large surface has been proved effective based on the
controlled evolution from organic-inorganic nanohybrids.
Various highly active catalysts of mesoporous MoOC/C,*’
W..<C/C  nanospheres,®  WC/graphitic-carbon,®®  and
mesoporous WC/C,% have been developed for the applications
in electrocatalysis, ammonia decomposition and hydrogenation
treatment of petroleum chemicals, in which the enriched
interaction between well-dispersed active sites and supports
advanced the efficient catalytic conversion. The tunable
synthesis based on well-defined organic-inorganic nanohybrids
presented the convenience to achieve the high-performed
carbide catalysts.

I11. Metal nitrides

As another class of noble-metal-like catalysts, metal nitrides
have also attracted much attention. For example, Mo,N, W;N,
NizN and FezN are promising for hydrogen-involving catalytic
reactions, e.g., HDS and hydrodenitrogenization (HDN).®* In
order to avoid the using of corrosive NH; or flammable H, at
high temperature for nitridation,*®%? easy strategies have been
developed from organic-inorganic hybrids containing N-rich
organic components. Well-dispersed Mo,N with lamellar
morphology and large surface has been prepared from the direct
decomposition  of  (HMT)y(NH,)4-Mo,0,4 (HMT =
hexamethylenetetramine) at  550-800 °C.%®  During
decomposition, the reduction of Mo species by HMT ligand
occurred, with the release of CO gas. Moreover, bimetallic
nitrides highly active in HDN reaction, such as CosMosN and
Ni,MosN, were further developed from Co- and Ni-salt
modified (HMT)y(NH,),-Mo0;0,,4,  respectively.®#%  Such
bimetallic nitrides showed substantial synergic effect between
Ni or Co and Mo.

Fig. 8 TEM pictures of (A) TiN and (B) TiN-Ni. Panels are reproduced
with permission.®® Copyright ACS (2014).

This journal is © The Royal Society of Chemistry 2012
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The “urea-glass route” is significant for the design of metal
nitride nanostructures due to the convenient modulation on the
structures and properties of products employing a wide variety
of N-rich organic molecules, e.g., urea, dicyandiamine,
cyanamide, polypeptide, hydrazine etc.” Giordano et al reported
the successful synthesis of a series of metal nitrides, including
W,N, Mo,N, NbN, CrN, TiN, GaN, VN and ZrN.”%%% The
catalytic properties and application have been highlighted
associated with their structural features. Sponge-like NizN
nanostructures were fabricated via ionothermal process using
Ni/dicyandiamine as the precursor, which showed the good
activity for hydrogenation of nitrobenzene to aniline.®’
Similarly, the pyrolysis of a Fe-polypeptide under a N,
atmosphere, typically at 700 °C, has been utilized to prepare
sponge-like FesN with enriched porosity, which were active for
ammonia decomposition.®® Furthermore, as supports in
heterogeneous catalysts, semiconducting nitrides would modify
the electron density and thus activity of the supported metal
(Mott—Schottky effect).®® The TiN nanoparticles obtained via
urea-glass route were introduced as support to enhance the
catalytic activity of Ni for the hydrogenolysis of lignin-derived
aryl ethers.®® The well-defined nanostructures with large
surface area (> 200 m? g*) enhanced the activity of Ni via their
enriched interaction. TEM investigation showed small and
monodisperse primary TiN nanoparticles and TiN-Ni
composites obtained after Ni addition (Fig. 8). A comparison of
TiN-Ni with pure TiN or Ni particles during hydrogenolysis
was performed to elucidate the synergic effect between the two
components in the nanocomposites, as shown in Table 1. The
hydrolysis of benzyl-phenyl ether 1 was studied as a model for
the a-O-4 linkage in lignin. TiN did not show detectable
conversion (entry 1). Ni nanoparticles were effective in
promoting this hydrogenolysis, and despite the low activity up
to 125 °C, 90% conversion could be obtained at 150 °C (entries

Nanoscale

3 and 4). Nevertheless, TiN-Ni composite showed a superior
activity affording full conversion already at 125 °C (entry 6),
with phenol and toluene as the sole products. Meanwhile, the
cleavage of the alkyl aryl ether bond in phenylethyl-phenyl
ether 2, as a model for B-O-4 linkages in lignin, occurred under
more severe conditions, in line with its higher dissociation
energy compared to 1. TiN and Ni particles showed no activity
even up to 150 °C. However, TiN-Ni catalyst presented a
conversion of 65% at 150 °C with a flow rate of 0.5 mL min™?,
while full conversion could be achieved using a lower
volumetric flow (0.3 mL min™%, entries 9 and 10). Accordingly,
the better activity and selectivity of TiN-Ni has been confirmed
in the hydrogenolysis of diphenyl ether, which is one of the
strongest ether bonds in lignin. This well-indicated synergic
catalysis between TiN and Ni would pave the way to new
competitive lignin refining strategies based on relatively cheap
and abundant materials.

On the other hand, it is significant that the bulk (e.g.,
electronic and optic) and surface (e.g., acid and base) properties
of metal nitrides are associated with nitridation levels.*>"® As
been commonly accepted, the introduction of N into metal
oxides can increase valance-band energy and narrow band gap
to thus enhance catalytic activity.>® In the case of tantalum, a
series of TaOyN, and TagNs with smaller band-gap energy (vs.
Ta,0s), enriched defective nitrogen species, and abundant
oxygen vacancies, are highly active in the catalytic processes of
hydrogenation and visible-light-driven water splitting.”>"2 Such
tunable electronic properties highlights the importance of a
method to synthesize (oxy)nitrides with tailored composition.
Unfortunately, the controlled nitridation is difficult via current
strategies due to the high rate of nitridation.*®"® By-products of
TazNs, TayNs, and even TaN are easily generated from
uncontrollable nitridation of TaON. Although urea and
cyanamide have been reported as safe nitrogen sources for

Table 1. Effect of Ni, TiN and TiN-Ni catalysts on hydrogenolysis of different lignin model molecules. Panels are reproduced with permission.®

Copyright ACS (2014).
oo gleglog:
EtOH, 12 bar :
1: R,=-CH,0Ph 4:R,=-Cl (j/\ﬁ'o"‘
2R =-CHCHOPh  5:R,=-CHCH, : ©N°\© ;
3:R,=-OH H H
sel. (%)° Productivity (mmol
entry cat. sub. T (°C) con. (%) 4 5 6 7 h? gea )
12 TiN 1 150 0 — — — — —
28 Ni 1 100 0 — — — — —
3 Ni 1 125 18 51 — 49 — 0.225
42 Ni 1 150 90 57 — 43 — 1.282
52 TiN-Ni 1 100 67 53 — a7 — 0.666
6% TiN-Ni 1 125 >99 54 — 46 — 1.013
7 TiN 2 150 0 — — — — —
g° Ni 2 150 0 — — — — —
92 TiN-Ni 2 150 65 — 57 — 43 0.695
10° TiN-Ni 2 150 >99 — 54 — 46 0.608
11° TiN-Ni 3 150 55 — — — 100 0.620

2 Conditions: 0.05 M solution of starting material in EtOH, 12 bar, 0.5 mL min™. ® 0.3 mL min™. ¢ Determined by GC-MS

analysis.

This journal is © The Royal Society of Chemistry 2012
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preparing tantalum nitrides, only impure and deeply reduced
TaN could be obtained, as an effective control on reactions is
absent.”*"®

We discovered that the controlled release of active N-source
from urea was important for nitridation in the typical “urea
route”. As a further controlled version of urea pyrolysis, a new
Ca’*-assisted urea route was proposed for the controllable
synthesis of well-defined TaON and TasNs nanoparticles,
which were mono-dispersed, well-separated, mostly single
crystalline, and free from organic stabilizers.?? The controlled-
nitridation mechanism associated with the chelation between
Ca** and urea was further proved available for Zr-based
(oxy)nitrides. It’s interesting that the metastable phase of y-
TaON was even received at the low urea/Ta mole ratio of 2.0,
which would easily convert to baddeleyite-type B-TaON.”® Its
synthesis usually requires the moderate conditions with
precisely-controlled temperature and pressure. In the medium
of molten CaCl,, the formation and stabilization of y-TaON can
be easily achieved probably because of the rich chemical
interactions between Ta with Ca®*

Owing to the difficulty to thoroughly remove Ca-species
(e.g., Ca,Ta,0), SiO, nanoparticles were introduced as another
efficient assistant agent, which can even be used as supports for
active (oxy)nitride nanoparticles.”® During heating, the
pyrolysis of urea into carbon-nitride species (CN,) was
promoted by Si-OH group on SiO, surface at mild temperature,
and the as-formed CN, could further acted as a slowly-releasing
N-source for controlled nitridation (Scheme 2). The assistant
and hard-template, SiO, nanoparticles, can be removed by the
treatment with NaOH solution. Following this mechanism, the
production of TaON over TasNs nanoparticles with well-
defined composition and size was achieved through varying
urea/Ta ratio in gel precursors (Fig. 9; TaON, Ryreqta = 1.5;
TasNs, Ryeara = 3.0). The electronic properties of Ta were
tailored by the different nitridation levels in such nanoparticles,
as confirmed by XPS, which significantly improved the activity
for alkene epoxidation with H,O,, compared with Ta,Os. The
activity of TazNs nanoparticles was best; however, the
selectivity was only 78% due to the following hydration of
epoxides by strong basicity on TaszNs. The basicity resulting
from nitridation can be varied by acid treatment, after which the
selectivity was obviously increased to 86%. This is the first
time to discover that nitirdation can remarkably improve
epoxidation activity because of the easier electron transfer from
N (vs. O) to Ta, and also result in tunable basicity important for
reaction pathway (Scheme 3). This opens up opportunities to
develop superior nitride-based catalysts for selective oxidation,
especially for reactions involving cheap O, as the oxidant.
However, such (oxy)nitrides synthesized so far are inactive for
O, activation.

CN, —> N-species

400-550 °C

Scheme 2

Illustration of SiOz-surface-assisted mechanism for
controllable synthesis of TaON and TazNs nanoparticles through CNx-
intermediate process catalyzed by Si0,.2* Copyrights Wiley (2012).
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Fig. 9 (a) XRD patterns of (I) TaON and (ll) TazNs nanoparticles
obtained by SiO,-assisted urea method with Ry, of 1.5 and 3.0, and (b,
c) their corresponding TEM images. Panels are reproduced with
permission.? Copyrights Wiley (2012).
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Scheme 3 Catalytic mechanism for (I) epoxidation of cyclooctene by
TaON and TasNs nanoparticles, and (Il) overreaction of hydration to
diol-products catalyzed by the basic site on TasNs. Panels are
reproduced with permission.? Copyrights Wiley (2012).

A new MoS,/Ta;Ns catalyst integrating TazNs nanoparticles
with ultrathin MoS, layers on nanoscale has been developed.”’
Employing MoS, nanolayers as a biomimetic O,-activation
agent, MoS,/TasN5 showed high activity and selectivity in the
aerobic oxidation of alcohols, as a result of the synergistic
effect between MoS, and TaszNs (Scheme 4). The efficiency of
the conversion of alcohols into aldehydes was well confirmed
in a wide range from benzylic alcohols to aliphatic and alicyclic
alcohols, delivering a high selectivity near 99% (Table 2). Such
nanocatalysts were also active in the aerobic oxidation of
alkenes, amines, and sulfides. More importantly, the different
activities respecting various substrates implied the potential use
of this catalyst for multifunctional substrates. For example, high
selectivity for hydroxy-group (>90%) was observed in the
oxidation of unsaturated alcohols. As a good example, this
work of Ta-nitrides illustrates a broadly applicable protocol to
tailor electronic and catalytic properties via controlled
nitridation.

This journal is © The Royal Society of Chemistry 2012
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Scheme 4 Schematic illustration of alcohol aerobic oxidation over
MoS,/TasNs nanocatalysts. Panels are reproduced with permission.”
Copyrights Wiley (2012).

Table 2 Selective oxidation of alcohol. Panels are reproduced with
permission.”” Copyrights Wiley (2012)

Entry  Substrates Sel. (%) Conv. t
(%) (h)
99
2 H @_{’ 88 15
99
OH o]
3 @J @J 9% 15
99
OH o]
4 OOJ O4<;>_// 9 15
/ / 99
OH o]
5 CIAQ_/ CIOJ 74 15
9
OH o]
6 NOZAO—/ NOZO_// 36 15
99
OH o]
7 NOZOJ NOr@_/ 86 30
99
8 SN Non TN g9 80 4.0
OH O
9 O O 80 20
99

2 Reaction condition: alcohol (1 mmol), MoS,/TasNs-5.0 (40 mg), N, N-
Dimethylacetamide (4 mL), O, balloon (1 atm.), 120 °C.

1V. Metal sulfides and selenides

Compared with carbides and nitrides, metal sulfides and
selenides can be synthesized at lower temperature (< 350 °C).
Solution-based routes have been introduced to their fabrication.’®
The organic-inorganic hybrids with tunable composition and specific
structures not only facilitate the formation and growth of sulfides
and selenides, but also promote the design of relevant hierarchical or
anisotropic  nanostructures via the controlled morphology-
transformation of precursors.

The organic-inorganic hybrids containing desired metals and
chalcogens in a single molecule have been utilized as the single-
source precursors (SSP) for the synthesis of metal chalcogenides.
The organic fragments in such coordination metal complexes are
removed, and metal chalcogenides are reassembled under mild
conditions.” This SSP strategy permits a reproducible production of
single-crystalline, mono-dispersed and pure nanocrystals. O’Brien et
al. have prepared iron sulfide nanoparticles via decomposing
bis(tetra-n-butylammonium) tetrakis[benezenethiolato-ps-sulfidoiron]

This journal is © The Royal Society of Chemistry 2012
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(IN"Bug]o[FesS4(SPh),]) in different solvents.®* And the phase
change from pyrrhotite type Fe;Sg to greigite type FesS,; was found
when temperature was varied from 180 °C to higher ones (e.g., 200,
215 and 230 °C). Other nanosized iron sulfides can be obtained from
different precursors. For example, Fe;Sg nanosheets and FeS,
nanoribbons were received by pyrolyzing Fe(diethyldithio-
carbamate),(1,10-phenanthroline) (Fe(Ddtc),(Phen)) in oleylamine
and oleylamine/1-octadecane, respectively.®! Their different growth
was ascribed to the selective adsorption of capping ligands on
specific crystal planes. Vittal et al. further developed the SSP to
synthesize highly mono-dispersed nanoparticles of CdS, Ag.,Se,
CulnS,, etc.82® Moreover, the controlled decomposition of SSP and
the consequent anisotropic growth can be realized by solution-liquid-
solid mechanism,2® in which the commonly used Bi and In
nanoparticles catalyze metallo-organic precursors decomposition,
and lead to 1D growth on the basis of the binary-phase transfer
involving objective metal-chalcogenides. A series of 1D sulfides and
selenides, e.g., PbS, CdS, CdSe, PbSe, PbSe,S,.,, etc., have been
achieved via such strategy.®® It is significant that the textural
features (e.g., diameter, length and composition) and consequent
optic and electronic properties are tunable in a wide range by the
control over catalytic nanoparticles and relevant phase behaviors,
highlighting them as functional segments for solar cells,
photocatalysis, sensor and photodetectors.®

More importantly, the organic-inorganic nanohybrids with well-
defined morphology can be utilized to explore anisotropic or
hierarchical nanostructures of metal sulfides and selenides via easily-
controlled evolutions. For example, Rao et al. prepared Fe;.
«S(ethylenediamine)ys nanowires by reacting FeCl,-4H,0 with
CH4CSNH, at 180 °C.% And, after heating to 200-300 °C, Fe;.S
nanowires were easily received. Similarly, pure Fe;Sg nanowires
were generated from FeygS,s(triethyleneteramine)y, nanoribbons at
800 °C under Ar flow.®

Exploring anisotropic  nanostructures of transition-metal
chalcogenides from organic-inorganic nanohybrids are considered as
new approaches towards promising oxygen-reduction-reaction (ORR)
electrocatalysts with desirable morphology, size, composition and
surface-decoration. Yu et al. carried out a series of study on the
structural design of CoSe,-based electrocatalysts.”** With amine
molecules as structure-directing agents, hybrid nanobelts of CoSe,-
amine (amine = diethylenetriamine (DETA), triethyleneteramine
(TETA) and tetraethylenepentamine (TEPA)) were successfully
obtained in a binary solution.* Used as the electrocatalyst for
cathodic OOR, the CoSe,-DETA bore the onset potential of ca. 0.71
V in 0.5 M H,S0, electrolyte.? To further improve the activity and
stability, research has focused on the combination with other
functional nanoparticles utilizing the synergetic effects in
catalyst/support. In a polyol reduction in acid solution, the copious
surface amino groups on CoSe,-DETA allowed the loading of highly
dispersed Fe;0,, and the amine molecules were removed by H*,
resulting in Fe;0,/CoSe, nanobelts. They showed better catalytic
activity than the original CoSe,-DETA, in which the onset potential
and current density were increased by 0.05 V and 1.01 mA cm (at
0.3 V, 1600 rpm), respectively. The number of electrons transferred
also increased from 2.1 to 3.6. XPS spectra confirmed the shift of Co
2ps;» binding-energy from 7785 to 777.8 eV after decoration,
possibly due to the electron transfer from Fe;O, to CoSe,. This
would lead to oxygen vacancies on the interfacial oxides, the new
active sites for O, absorption and activation. Such mechanism was
further applied to constructing MnzO4/CoSe, nanocatalysts
displaying good stability and excellent activity for oxygen-
evolution-reaction from water.®® Moreover, the CoSe,-DETA also
served as the precursors for Pt/CoSe, nanobelts (Fig. 10a) used in
ORR.* Beyond the greatly improved activity in comparison with
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original CoSe,-DETA (Fig. 10b), they displayed prominent
methanol-tolerance for ORR, which successfully overcame the easy
decrease of cathode potential and fuel efficiency in many cases of
Pt-based catalysts as methanol molecules crossed over from the
anode to the cathode side through polymer membranes.®® Over
commercial Pt/C catalyst, the ORR activity was obviously reduced
in the presence of methanol even at a low concentration of 0.05 M
(Fig. 10c). However, the ORR onset potential and current density for
Pt/CoSe, remained almost unchanged with different concentrations
of methanol. Even at a high concentration of 5 M, the reduction in
ORR activity was still negligible (Fig. 10d). Such excellent stability
of Pt/CoSe, at high methanol concentrations was attributed to the use
of CoSe, supports and their synergy with Pt nanoparticles.
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Fig. 10. (a) TEM images of Pt/CoSe, nanobelts. (b) Polarization curves for
ORR on pristine CoSe,-DETA, 22.1 wt% Pt/CoSe,, and 20 wt% Pt/C catalyst
in O,-saturated 0.5 M H,SO, solutions. Polarization curves for ORR on (c) 20
wt% Pt/C catalyst and (d) 22.1 wt% Pt/CoSe; in O,-saturated 0.5 M H,SO,
electrolyte containing 0, 0.5, 1, and 5 M methanol. Panels are reproduced
with permission.” Copyrights Wiley (2011)

Mo,0,,(C.H,N),"2H,0 MoO,/PANI Hierachical MoS /PANI
nanowires nanowires nanowires
APS, H (HN),CS
1] (] o

\ rt
b o
Added Mo-source

Scheme 5. Scheme for the fabrication of hierarchical MoS,/PANI
nanowires through facile polymerization and hydrothermal-treatment of
Mo03040(CsHsN),*H,O  precursor. Panels are reproduced with
permission.? Copyrights Wiley (2013).
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Fig. 11. (a) TEM image with elemental (Mo, S, C, and N) distribution
and (b) HR-TEM image of a MoS,/PANII nanowire. Panels are
reproduced with permission.”® Copyrights Wiley (2013).

The organic-inorganic hybrid precursors further suggest the
rational design of hierarchical metal sulfides and selenides
nanostructures via tailoring the relationship between the
morphology evolution of original precursor and the formation
of the target sulfides or selenides. A series of lead chalcogenide
nanotubes have been fabricated via the controlled evolution of
Pb-cysteine nanowires.®® Pb-cysteine plays crucial roles as both
the lead source and the template, in which the equilibrium
between nanowire dissolution and chalcogenide nanoparticle
formation should be controlled to achieve the hollow
architecture. Meanwhile, MoO,/amine  with  tunable
composition and structure would benefit the fabrication of
MoS,-based hierarchical nanostructures.®® The evolution from
Mo030,9(CgHsNH3),-2H,0 nanowires composed of aniline
monomer to a series of MoO,/PANI (PANI = polyaniline), e.g.,
nanotubes, nanowires, and rambutan-like nanoparticles, have
been achieved by simply modulating pH condition during
polymerization,®” which can further evolve to hierarchical
MoS,. After an easy hydrothermal treatment of MoO,/PANI
nanowires with thiourea at 180 °C, the MoO, was successfully
converted to MoS, nanosheets, while the PANI matrix and 1D
morphology were maintained, resulting in the hierarchical
MoS,/PANI nanowires composed of 2D MoS, (Scheme 5).2°
Such formation was associated with the growth habit of MoS,
and the hybrid features of 1D precursor, in which the
anisotropic growth of 2D MoS, was owing to its layered
structure held by van der Waals interactions, and the soft and
flexible chains of PANI can buffer the volume expansion and
thus preserve the wire-like morphology during sulfidation.
Furthermore, hierarchical MoS,-C nanowires and nanotubes
have also been fabricated by the sulfidation of MoO,/PANI
nanowires by H,S at 400 °C.*® Such hierarchical compsoites
with ultrathin MoS, evenly integrated by conducting PANI (Fig.
11) or C matrix has showed the superior performance as
electrode for Li ion batteries.?®% It is also expected that the
surface activity and related catalytic behavior would be
enhanced due to the hierarchically assembling active MoS,.

Zhang et al proposed the synthesis of hierarchical
nanosheet-based MoS, nanotubes (HNN-MoS,) from MoO;-
ethylenediamine nanowires (M03014(C,HgN>),
ethylenediamine trimolybdate), as shown in Fig. 12a.* The
UV/Vis diffuse reflectance spectra of HNN-MoS, showed a
stronger and wider adsorption from 420 to 800 nm than
commercial MoS, (Fig. 12b). The improved photocurrent-
density responses were well detected on HNN-MoS,, which
delivered the short-circuit photocurrent density of 0.09 mA cm’
2 nearly 9 times higher than that of commercial MoS, (Fig.
12c). The significantly improved activity and stability of such
hierarchical MoS, were well confirmed in the application of
photoelectrocatalytic water splitting and electrocatalytic HER.
In the very recent work, we conducted the facile synthesis of
hierarchical MoS,/C nanospheres in the hydrothermal system of
ammonium heptamolybdate tetrahydrate, thiourea and glucose.

This journal is © The Royal Society of Chemistry 2012
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The in-situ generated polysaccharides act as an effect template
to confine the growth of MoS,, resulting in the rim-site
enriched ultrathin nanosheets embedded in conducting carbon
after carbonization. Because of the abundant active sites on
MoS, nanosheets and the improved conductivity by conducting
carbon, the as-synthesized MoS,/C nanospheres exhibit
remarkably enhanced performance for electrochemical HER.
The above work, as good examples, would open up new
opportunities for developing efficient, economic and stable
photocatalysts and electrocatalysts of chalcogenides based on
organic-inorganic nanohybrids.
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Fig. 12 (a) Schematic representation of the synthesis of hierarchical
nanosheet-based MoS; nanotubes (HNN-MoS;; cross-section view)
through the anion-exchange reaction of the inorganic—organic MoOz—
EDA hybrid nanowires with S* at elevated temperature. (b) UV/Vis
diffuse reflectance spectra and (c) photocurrentdensity response at an
applied bias of 0.6 V versus SCE under visible light illumination (A >
420 nm) of the as-prepared hierarchical MoS, nanotubes (HNN-MoS;)
and commercial MoS, samples (C-MoS;). Panels are reproduced with
permission.? Copyrights Wiley (2013).

V. Conclusion and Outlook

This contribution highlights the recent advances on the
fabrication of metal non-oxide nanocatalysts (e.g., carbides,
nitrides, sulfides and selenides) from organic-inorganic
nanohybrids and their catalytic applications in hydrocarbon
conversion, hydrogen production, and electrocatalytic HER and
ORR, as summarized in Scheme 6. As for metal carbides and
nitrides requiring high-temperature (> 700 °C) for synthesis, the
organic-inorganic nanohybrids provide the quasi-homogeneous

HO ’ ; A -
MeOH p
= 2 MO A amine carbides b b
e nitrides v
N ‘:_ b ot
b - e S R
quasi-homogeneous reaction ,‘
— for carbides and nitrides v
ROH RS0 =
\ ‘i
NH, = ’
= ik =
control . AN > Ak
o JL 1. 0§ ¥ ;
el TN P
n -’

easy control over electron
and surface properties

efficient for selective
oxidation and H, evolution

Organic-Inorganic Nanohybrids

ok P O—*MS MSe
v o

Nanoscale

reactions between organic and inorganic molecules on
nanoscale, significantly avoiding the disadvantage of gas-solid
interface processes in traditional TPRe methods. With easy
control over hybrid precursors and their evolution during
calcination, the morphology, composition and crystalline
structure of carbides and nitrides can be tailored to achieve the
highly-improved catalytic performance. Moreover, the organic-
inorganic nanohybrids were not only used as the source for
fabricating nanosized metal sulfides and selenides, but also
utilized as the key precursors towards the anisotropic or
hierarchical nanostructures with enhanced functionalities. A
wide range of metal sulfide and selenide nanostructures have
been explored, and they exhibited obviously improved
electrocatalytic activity due to the synergistic enhancement.
Remarkably, the merits of design strategies in this feature
article are highlighted as the resultant nanomaterials with
hierarchical structures, precise-controlled properties and
superior catalytic performance, as well as the easy preparing
processes.

It was noticed that the controlled evolution of organic-
inorganic nanohybrids to functional metal non-oxides is the key
for achieving high-performed nanocatalysts, in which there are
still two challenges. Firstly, during the conversion of organic-
inorganic nanohybrids to metal non-oxides, the rate equation
between competitive reactions, including formation of metal
non-oxides, conversion of organic molecules, deformation of
precursor, and crystal growth of products, should be taken in
account for the design of metal non-oxide catalysts. Thus, the
clear mechanism underlying evolutions is greatly demanded in
further investigation based on in-situ methods. Secondly, a new
system for versatile organic-inorganic nanohybrids is desirable
to provide more suitable precursors for non-oxide design,
which demands the synthetic strategies focusing on their
interface interaction and consecutive crystal growth.***** More
importantly, such achievement would pave the way for robust
metal phosphides, other kind of important non-oxide catalysts
towards HDS and HER.%2% with rational design and delicate
control in synthesis process, this unique class of strategies may
overcome some bottlenecks in the development of efficient
catalysts towards efficient energy conversion and storage.
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