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ABSTRACT: Copper nitride nanocubes are synthesized in
a facile one-phase process. The crystal size could be tuned
easily by using different primary amines as capping agents.
Such Pt-free nanocrystals exhibit electrocatalytic activity
toward oxygen reduction and appear to be promising cathodic
electrocatalysts in alkaline fuel cells.

ize- and shape-controlled synthesis of metal and semicon-

ductor nanocrystals has attracted much attention because
most of their important physical and chemical properties, such as
their catalytic and optical properties, are often size and shape
dependent.'* Due to the high electrocatalytic activity of Pt and
Pd metals, most of the investigations for designing novel anode
and cathode electrocatalysts for fuel cells have focused on
nanostructured Pt- and Pd-based alloys.”® However, due to the
high cost and limited reserve of Pt and Pd, extensive research has
also been devoted to the development of non-Pt materials as
electrocatalysts for fuel cells.”® In recent years, copper complexes
have attracted enormous interest due to their significant electro-
catalytic activities as both anodic and cathodic catalysts.” "' For
example, Brushett et al.” reported that a carbon-supported copper
complex of 3,5-diamino-1,2,4-triazole exhibited oxygen reduction
catalytic performance comparable to that of a Pt/C cathode.

In recent years, metal®'> or metal alloy,">'* metal oxide,
and semiconductor'”'® nanocubes have been successfully pre-
pared by various synthetic methods. Nanocubes with specific
exposed surfaces provide ideal model nanocrystals for the studies
of surface-dependent properties. However, there are still no
reports on the synthesis and properties of metal nitride nano-
cubes. Copper nitride (Cu3N) is regarded as one of the most
promising materials for optical storage devices,””*" high-speed
integrated circuits,”* and microscopic metal links.**** Since the
first report of polycrystalline CuzN by Juza and Hahn in 1939,*
related work has focused on the synthesis of CuzN films by
various techniques.***®?” However, despite extensive research
on CuzN films, studies focusing on the synthesis and electro-
catalytic properties of shaped Cu;N nanocrystals are still scarce.
Herein, we report a simple and effective procedure to synthesize
cubic copper(I) nitride nanocrystals. The crystal size can be
tuned easily by using different primary amines as capping agents.
The electrocatalytic activity of the Cu3N nanocubes for the
cathode reaction of fuel cells (oxygen reduction reaction, ORR)
was also investigated. The results demonstrate that the as-prepared
Cu;N nanocubes are promising Pt-free electrocatalysts for alkaline
fuel cell applications.
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Figure 1. (a) Low-resolution TEM image and (b) the crystal structure
of the Cu3N nanocubes synthesized in a mixed solvent of octadecyla-
mine and octadecene. (c,d) HRTEM images at different magnifications.
The inset of (c) shows a SAED pattern of the nanocubes. (e) HAADF
STEM image of the Cu;N nanocubes, and the corresponding elemental
mapping for (f) Cu, (g) N, and (h) the overlay.

Cubic Cu;N nanocrystals were synthesized in organic solvents
by a facile one-phase process. In a typical synthesis, copper(II)
nitrate was dissolved in a mixed solvent of 1-octadecylamine and
1-octadecene. The reaction solution was heated at 150 °C for
more than 3 h under magnetic stirring. During the reaction, the
color of the solution changed from blue to green, and finally to
yellow. The solution temperature was then raised to 250 °C at
~5 °C/min and kept for 30 min. The Cu;N nanocubes were
obtained by centrifugation and purification (see Supporting
Information for details). Figure 1a shows a typical transmission
electron microscopy (TEM) image of the CuzN nanocrystals, as
synthesized in the mixed solution of octadecylamine and octa-
decene. The overall morphology of the nanocrystals is characterized

Received:  May 24, 2011
Published: September 06, 2011

15236 dx.doi.org/10.1021/ja204748u |JA Am. Chem. Soc. 2011, 133, 15236-15239



Journal of the American Chemical Society

COMMUNICATION

(100) (111) (a)
=
g (110) 200)
=y
W
=
]
=

|

20 30
20 (degree)

3 (b) |—\ ()
z f t
2 \

930 940 950 960 970 395 400 405 410

Binding Energy (eV)

Figure 2. (a) XRD pattern of the Cu;N nanocubes prepared in a mixed
solvent of octadecylamine and octadecene. For comparison, bulk CuzN
XRD data from the Joint Committee on Powder Diffraction Standard
are also included (green bars). (b) Cu 2p and (c) N 1s XPS spectra.

by a uniform cubic shape with no impurity particles or aggregates.
From the size histogram shown later in Figure 3b, the average
size of the CuzN nanocubes was measured to be 26.0 £ 5.6 nm.
From the UV/vis absorption spectrum (Figure S1), there is a
broad absorption around 420 nm, corresponding to the electron—
hole transition of the Cu3N nanocrystals. Figure 1c,d displays
high-resolution TEM (HRTEM) images at different magnifica-
tions, from which the highly crystalline nanocubes with well-
resolved lattice fringes can be observed. Polycrystalline features
were observed from the selected-area electron diffraction (SAED)
pattern (Figure lc, inset) because the SAED was recorded over
multiple CuzN nanocrystals. Upon careful comparison with the
HRTEM of a single Cu;N nanocube (Figure 1d), the fringes with
interplanar spacing of 3.75 A can be indexed to the (100) plane of
anti-ReOj5-structured CuzN with a lattice constant of 3.817 A
(JCPDS 47-1008; also see the crystal structure of CuzN shown in
Figure 1b). To get further insight into the distribution of Cu and
N in the as-synthesized Cu3;N nanocubes, elemental analysis
was carried out with scanning transmission electron microscopy
(STEM). Figure le shows a high-angle annular dark-field
(HAADF) micrograph of a selected area of Cu3N nanocubes.
From the elemental maps of Cu and N and their overlay shown in
Figure 1f—h, one can see that Cu and N are evenly distributed in
the CusN nanocubes. The energy-dispersive X-ray (EDX)
spectrum shown in Figure S2 also indicates the presence of Cu
and N in the sample. To the best of our knowledge, this is the first
report of cubic CuzN nanocrystals synthesized by a wet chemical
technique.

The crystal structure of the CuzN nanocubes was further
examined with X-ray techniques. Figure 2a shows the powder
XRD pattern of the as-prepared Cu;N nanocrystals. The diffrac-
tion peaks could be indexed to the (100), (110), (111), (200),
(210), (211), (220), and (300) planes of the CusN. All the
diffraction peaks agree well with the standard diffraction data for
bulk Cu;N, as shown as green bars in Figure 2a (from JCPDS No.
47-1088). No diffraction signal from impurities is present in the
pattern, further indicating only a single Cu3N phase in the

product. It is worth noting that, in the XRD pattern from bulk
Cu;N, the intensity of the diffraction peak from (100) is much
weaker than those of (111) and (200) planes. However, in the
XRD pattern of the synthesized CuzN nanocubes, the diffraction
peak from (100) is stronger than those from (111) and (200).
This result suggests that abundant (100) planes exist in the
present CuzN nanocrystals, in good agreement with the observa-
tion of (100) planes in the HRTEM measurements (Figure 1d).
The oxidation states of Cu and N were also investigated with
X-ray photoelectron spectroscopy (XPS). Figure 2b,c depicts the
Cu 3p and N 1s XPS spectra of the sample. The strong peaks at
~932.4 and 952.3 eV could be ascribed to the binding energies of
the 2p*? and 2p"/? electrons of Cu (I). Note that no peak from
Cu (II) (~940—950 eV) was observed. The sharp peak observed
at 397.4 eV in the N XPS spectrum indicates the presence of
nitrogen in the as-synthesized nanocubes. Both XRD and XPS
measurements further verify the formation of Cu;N nanocrystals
by our synthetic protocol. The band gap of the synthesized CuzN
nanocubes was also evaluated with electrochemical cyclic vol-
tammetry (CV) measurements. On the basis of the onset redox
potentials shown in Figure S3, the band gaps of the Cu;N
nanocubes are calculated to be 1.04 (indirect) and 1.5 eV
(direct), which fall within the range of 1—1.9 eV reported
previously.>*>¢2%2?

Primary amines are often used as protecting ligands for synthe-
sizing metal or semiconductor nanomaterials. In the present
study, 1-octadecylamine acts as both solvent and capping agent.
It is well known that the preferential chemisorption of capping
agents on particular facets could result in shape-controlled
formation of nanocrystals. Here, preferential binding of 1-octa-
decylamine to the (100) facets of CusN slows their growth rate,
leading to the formation of cubic Cu3N nanocrystals. The surface
structure of the Cu3N nanocubes was then examined by Fourier
transform infrared (FTIR) measurements. Figure S4a,b shows
the FTIR spectra of monomeric 1-octadecylamine and the Cu;N
nanocubes, respectively. Overall, the FTIR spectra from the as-
synthesized CuzN nanocubes are quite similar to the spectrum of
pure octadecylamine, except for the slight shifts of some peaks
due to the interaction between capping agents and nanocrystals.
The bands between 3250 and 3420 cm ' are ascribed to the
symmetric and antisymmetric vibration modes of —N—H.
The —NH, scissoring mode and C—N stretching mode can be
observed around 1578 and 1378 cm ™!, respectively. The bands
within the range of 2800—3000 cm ™' are from the —CH, and
—CH; symmetric and antisymmetric stretching vibrations.
A sharp peak at ~1464 cm™ ' could be ascribed to the —CH,
bending vibration. Such FTIR features suggest that 1-octadecy-
lamine was indeed bound onto the nanocubes. However, an
additional peak at ~2092 cm ™' is also obvious in the FTIR
spectrum of Cu3N nanocubes. This absorption peak might be
ascribed to the —C=N stretching vibration mode, which was
also observed in the previous FTIR measurements of oleylamine-
stabilized silver nanoparticles.*® The —C=N group was probably
transformed from the —CH,—NH, during the high-temperature
reaction.*

The effect of primary amines on the morphology and size of
Cu;N nanocrystals was further investigated. Figure 3 shows the
TEM images and the corresponding size histograms of Cu;N
nanocrystals with different primary amines as capping agents.
From the TEM image and size histogram shown in Figure 3a,b, it
can be seen that CuzN nanocubes with an average size of 26.0 &
5.6 nm were formed with 1-octadecylamine as protecting ligand.
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Figure 3. TEM images and the corresponding crystal size histograms of
Cu;N nanocrystals synthesized with different organic solvents: (a,b)
octadecylamine and octadecene, (c,d) hexadecylamine and octadecene,
and (e,f) oleylamine and octadecene. All the scale bars are 200 nm. The
insets of (c) and (e) show magnified TEM images of the corresponding
Cu3N nanocubes.

With hexadecylamine instead of octadecylamine as capping agent,
almost monodisperse CuzN nanocubes (Figure 3c) were ob-
tained with an average size of 18.6 £ 2.3 nm (Figure 3d).
Moreover, the CuzN nanocubes were self-assembled into a
superlattice. When oleylamine was used as capping agent, cubic
Cu;N nanocrystals were also formed, as shown in Figure 3e; the
observation of self-assembly of the nanocubes also suggests a
uniform particle size. The mean diameter of the nanocrystals was
further decreased to 10.8 &= 2.7 nm as shown in Figure 3f. These
results demonstrate clearly that the crystal size of CuzN nano-
cubes can be controlled effectively by changing the amine
capping agents. It should be noted that, in spite of the different
particle sizes, the crystal structures of the CusN nanocubes are
similar, based on XRD, HRTEM, and other measurements
(see Figure S5 for measurements of CuzN nanocubes obtained
in oleylamine and octadecene). For instance, from the HRTEM
image and XRD measurements (Figure SSb,c), the (100) plane is
also abundant for the CuzN nanocubes capped with oleylamine.
However, it was found that neither primary amines nor octade-
cene alone would produce CusN nanocubes. For example, with
the pure oleylamine as solvent and capping agent, it can be seen
from the TEM image in Figure S6 that irregular CuzN nano-
crystals with a wide size distribution were obtained. It should be
pointed out that a ripening process is needed to obtain well-
defined nanocubes. As shown in Figure S7, when the reaction
solution was cooled suddenly from high temperature down to
room temperature by injecting the hot solution quickly into
methanol, only ill-defined nanocubes were obtained. Overall, the
organic amine capping agents play important roles in the shape-
and size-controlled synthesis of CuzN nanocrystals.
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Figure 4. (a) CVs of Cu;N nanocubes supported on glassy carbon
substrate in N,- or O,-saturated 0.1 M KOH solution. Potential scan
rate, 0.1 Vs~ . (b) Rotating disk voltammograms obtained on the Cu;N
nanocubes and Pd/C catalyst in 0.1 M KOH solution saturated with
oxygen (3025 rpm; scan rate, S mV sh.

The electrocatalytic activity of the unsupported Cu3N nano-
cubes was evaluated with electrochemical measurements by
depositing 27.5 ug of the crystals on a glassy carbon electrode
(referred to as CuzN/GC). Figure 4a shows the CVs of the Cu;N
nanocubes capped with octadecylamine in 0.1 M KOH saturated
with either nitrogen or oxygen at a potential scan rate of 0.1 V st
(CVs with different potential scan rates are shown in Figure S8).
Compared to the featureless CV profile in N,-saturated electro-
lyte, a strong reduction current peak can be seen with the
electrolyte saturated with O,, suggesting the high electrocatalytic
activity of the as-synthesized Cu3N nanocubes toward oxygen
cathodic reduction. ORR at CuzN/GC and commercial Pd/C
catalyst with the same mass loading was also studied with rotating
disk voltammetry (Figures S9 and S10). Figure 4b compares the
rotating disk voltammograms of ORR at Cu;N/GC and Pd/C
catalysts. Despite the lower catalytic performance compared to
that of traditional noble metal-based and some Pt-free catalysts,>"
the present Cu3N nanocubes actually exhibit catalytic activity
comparable with or even better than that of other non-Pt
materials.*> Such a novel non-Pt cathode electrocatalyst has poten-
tial applications in alkaline fuel cells, although more structural
optimization is needed to further improve its catalytic performance.
Ongoing work focuses on the shape-tuned synthesis of CuzN
nanocrystals and detailed electrocatalytic investigations.

In summary, we have demonstrated a facile one-phase process
to synthesize cubic Cu3N nanocrystals. The crystal size was
found to be tuned easily by using different primary amines as
capping agents. This is the first time that metal nitride nanocubes
have been synthesized. The as-synthesized Cu3;N nanocubes
exhibit electrocatalytic activity toward oxygen reduction in electro-
chemical studies. Such Pt-free nanocrystals appear to be promis-
ing cathodic electrocatalysts in alkaline fuel cells. Large increases
in catalytic activity are expected upon the further optimization of
crystal structures.
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