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ABSTRACT: Colloidal heterostructured nanoparticles that integrate multiple materials through direct solid-solid interfac-
es are desirable across a wide range of applications. However, chemical, structural, interfacial, and synthetic consid-
erations have limited the scope of materials that can be incorporated into such hybrid constructs. Metal nitrides are ap-
pealing components of heterostructured nanoparticles because of their unique and diverse electronic, photonic, and
catalytic properties, but they can be challenging to synthesize. Here, we demonstrate that the model metal nitride sys-
tems CusN and CusPdN can be grown in solution on various noble metal seed particles to form a library of heterostruc-
tured metal-metal nitride nanoparticles. The types of nanoscale heterostructures that form depend on both the mor-
phology of the noble metal seed particle and the material being deposited. The pathway by which CusPdN grows on Pt
nanocube seeds involves initial nonselective deposition of Cu, followed by localized deposition of Pd at the corners
along with concomitant incorporation of nitrogen and crystallization of CusPdN. Preferential Pd deposition at seed parti-
cle corners therefore drives regioselectivity during the growth of CusPdN, leading to the formation of Pt—CusPdN heter-
ostructured nanoparticles. For seed particles that are not highly faceted, as well as CusN, localized deposition is not
observed, and different types of core-shell and alloy nanoparticles form. CusPdN also deposits selectively on the ex-
posed corners of the cube-shaped Pt domains of Pt—Fe3;O4 hybrid nanoparticles, forming complex Fe;O4,—Pt—CusPdN
heterotrimers. These observations provide useful insights for incorporating metal nitrides into nanoscale heterostruc-

tures using seeded growth processes.

Introduction

Colloidal heterostructured nanoparticles that integrate
multiple materials through solid-solid interfaces are
foundational components of applications as diverse as
catalysis, plasmonics, solar energy conversion, mag-
netism, theranostics, and biomedical imaging.'? While
each constituent material in a multicomponent nanopar-
ticle has a function, the heterointerfaces permit electron-
ic coupling and enable the emergence of synergistic
properties that the individual particles cannot achieve on
their own. For example, heterostructured Fe3Os-
CdS@Au nanoparticles exhibit enhanced photothermic-
catalytic activity for water reduction, and core-shell fct-
PdFe@Pd nanoparticles supported on graphene func-
tion as highly efficient catalysts for the oxygen reduction
reaction (ORR)." ¥ The development of methods to
synthesize colloidal heterostructured nanoparticles must
consider the chemistry needed to form the desired mate-
rials, the compatibility of chemical reagents and reaction
conditions with other materials that are present, and the
ability to form a stable interface. Seeded growth meth-
ods, where one material grows off another in solution,
have been used to synthesize various types of hybrid,
asymmetric, core-shell, and nanocage constructs.* % 1415
Nanoparticle coupling reactions, phase segregation re-

actions, and partial cation exchange reactions provide
additional pathways to colloidal heterostructured nano-
particles.* '%'® However, despite these and other ap-
proaches, the diversity of materials that can be incorpo-
rated into colloidal heterostructured nanoparticles re-
mains limited predominantly to metals, metal alloys,
metal oxides, metal chalcogenides, and metal halide
perovskites.® 7> 12 13. 1921 Qther important classes of ma-
terials remain conspicuously absent.

Among the classes of materials that have not yet been
incorporated into colloidal heterostructured nanoparticles
are metal nitrides, which are important for a variety of
applications that include catalysis, electro-optics, and
energy conversion and storage.??>?5 Metal nitrides are
notoriously difficult to synthesize as colloidal nanoparti-
cles because the most readily available nitrogen
sources, including ammonia, amides , and Ny, are not
generally reactive at the maximum temperatures that can
be achieved in the solvents that are typically used in
nanoparticle synthesis.?> 2628 Of the few metal nitride
nanoparticles that have been made colloidally, CusN and
CusPdN are ideal material components to incorporate
into heterostructured nanoparticles. Both of these mate-
rials are readily accessible at moderate temperatures in
solution.?® It has been reported that the use of nitrate



salts help to facilitate the formation of the metal nitrides
when synthesized in the presence of alkylamines,?® and
also that ammonia may be evolved through reduction of
an alkyl imine formed in situ.®® Additionally, key reagents
used to synthesize these materials, including oleylamine
and 1-octadecene, are common to other nanoparticle
systems, which ensures chemical compatibility with other
nanoparticles already present in solution and allows
seeded growth to occur. CusN and CusPdN, which have
been identified as useful non-platinum catalysts for the
ORR in alkaline media, are also valuable targets to in-
corporate into heterostructured nanoparticles, which con-
tain interfaces that can modulate catalytic properties.?> 2

Here, we show that the colloidal metal nitrides CusN
and CusPdN can be grown on Pt and Au nanoparticle
seeds to form a diverse range of nanoscale heterostruc-
tures. CusPdN grows on faceted Pt seeds through in situ
deposition of a Cu-rich intermediate followed by incorpo-
ration of Pd and N at the corners. In contrast, the growth
of CusN on Pt appears more sluggish and indiscriminate.
These observations reveal a synthetic pathway for
achieving the regioselective deposition of metal nitrides
onto noble metal nanoparticle seeds. These insights can
be applied to the rational design of more complex multi-
component heterostructures such as FezO,—Pt—CusPdN.
In addition to serving as instructive metal nitride—noble
metal model systems that provide important insights into
the seeded growth pathway, these heterostructures inte-
grate various catalytic and plasmonic nanomaterials and
therefore may serve as future platforms for constructing
multi-functional hybrid constructs.

Experimental Section

Chemicals and Materials. Copper(ll) nitrate trihydrate
[Cu(NOs)2-3H20, 99+%], gold(lll) chloride hydrate
[HAUCls xH20, 99.995%], platinum(ll) acetylacetonate
[Pt(acac),, 97%], iron(0) pentacarbonyl [Fe(CO)s,
99.99+%], iron(lll) acetylacetonate [Fe(acac)s, 99.7%],
borane tert-butylamine complex (BTB, 97%), benzyl
ether (98%), oleic acid (OLAC, 90%, technical grade),
oleylamine (OLAM, 70%, technical grade), and 1-
octadecene (ODE, 90%, technical grade) were pur-
chased from Sigma-Aldrich. Palladium(ll) acety-
lacetonate [Pd(acac),, 99%] was purchased from Strem
Chemicals. Solvents (hexanes, toluene, ethanol, and
acetone) were of analytical grade. All chemicals were
used as received without further purification.

General safety considerations. It should be noted
that as with all metal nanoparticle reactions synthesized
at elevated temperatures in high boiling point solvents, it
is important to ensure safety through proper training and
chemical handling, implementation of procedures and
techniques, and careful monitoring of in-progress reac-
tions. These reactions involve corrosive chemicals,
heated flammable liquids that must be kept under air-
free conditions, various redox reactions, and gas evolu-
tion that can cause bumping, including water vapor and
CO from Fe(CO)s.

Synthesis of 8-nm Cube-Shaped Pt Nanoparticles.
Using a modification of a reported procedure, 100 mg
(0.25 mmol) of Pt(acac),, 10 mL of ODE, 1 mL OLAM,
and 1 mL OLAC were added to a three-necked, 50-mL
round-bottom flask equipped with a magnetic stir bar,
reflux condenser, thermometer, and rubber septum.®'
The mixture was placed under vacuum and degassed at
120 °C for 30 minutes. The reaction mixture was then
placed under an Ar blanket. In an Arfilled glovebox, a
solution of 15 pL of Fe(CO)s in 1 mL of benzyl ether was
added to a 20-mL septum-capped vial. The Fe precursor
solution was then injected by syringe into the main reac-
tion mixture. The reaction vessel was then heated to 190
°C (at a rate of 5-10 °C/min). The reaction mixture was
aged at 190 °C for 1 hour, and then the reaction vessel
was removed from the heating mantle and allowed to
cool to room temperature. The formed particles were
precipitated by ethanol and collected by centrifugation.
The particles were redispersed in hexanes, precipitated
by adding ethanol, and centrifuged again. The collected
particles were dispersed in hexanes and stored for fur-
ther use.

Synthesis of 6-nm Multifaceted Pt Nanoparticles.
The procedure to synthesize the 5-nm multifaceted Pt
particles was the same as that described above to syn-
thesize the 8-nm cube-shaped Pt nanoparticles, except
that after degassing at 120 °C for 30 minutes and placing
the reaction mixture under an Ar blanket, the reaction
mixture was additionally heated to 180 °C before inject-
ing Fe(CO)s.

Synthesis of 7-nm Au Nanoparticles. Using a modi-
fication of a reported procedure, 100 mg (0.29 mmol) of
HAuUCI;-xH20, 10 mL of OLAM, and 10 mL of toluene
were loaded into a 40-mL vial with a magnetic stir bar.?
The mixture was stirred, open to air, for approx. 5
minutes. A solution of 50 mg (0.57 mmol) of TBAB in 2
mL of a 1:1 (v/v) mixture of OLAM and toluene was add-
ed to the gold solution. The reaction mixture was aged at
room temperature for 1 hour. The formed particles were
precipitated by ethanol and collected by centrifugation.
The particles were dispersed in hexanes and precipitat-
ed by adding ethanol and centrifuged again. The collect-
ed particles were dispersed in hexanes and stored for
further use.

Synthesis of M-CusPdN (M = Pt, Au) Heterostruc-
tured Nanoparticles. Using a modification of a reported
procedure, 60 mg (0.25 mmol) of Cu(NOs)2-3H.0, 25 mg
of Pd(acac),, 7.5 mL of ODE, 2.5 mL of OLAM, and 10
mg of metal nanoparticles were added to a three-
necked, 50-mL round-bottom flask equipped with a reflux
condenser, thermometer adapter, thermometer, rubber
septum, and magnetic stir bar.?® The reaction mixture
was placed under vacuum and degassed at 120 °C for 1
hour. The solution was then placed under an Ar blanket
then heated to 190 °C (at a rate of 5-10 °C/min). The
solution was aged at 190 °C for 30 minutes, and then the
reaction vessel was removed from the heating mantle
and allowed to cool to room temperature. The formed
particles were precipitated with ethanol and then collect-
ed by centrifugation. The particles were redispersed in



hexanes and precipitated by adding ethanol and centri-
fuged again. The collected particles were dispersed in
hexanes and stored for further characterization.

Synthesis of Pt-Fe3:0, Hybrid Nanoparticles. Using
a modification of a reported procedure, 50 mg (0.14
mmol) of Fe(acac)s, 4 mL OLAC, 6 mL OLAM, and 5 mg
of Pt nanoparticle seeds were added to a three-necked,
50-mL round-bottom flask equipped with a reflux con-
denser, thermometer adapter, thermocouple, rubber sep-
tum, and magnetic stir bar.®® The reaction mixture was
placed under vacuum and degassed at 120 °C for 30
minutes. The solution was then placed under an Ar blan-
ket then heated to 310 °C and reacted at this tempera-
ture for 30 minutes. The reaction vessel was removed
from the heating mantle and allowed to cool to 60 °C.
The formed particles were precipitated with ethanol and
then collected by centrifugation. The particles were re-
dispersed in hexanes and precipitated by adding ethanol
and centrifuged again. The collected particles were dis-
persed in hexanes and stored for further characteriza-
tion.

Synthesis of Cu;PdN-Pt—Fe;0, Heterotrimer Na-
noparticles. The reaction conditions were the same as
for the synthesis of Pt—-CusPdN heterostructured nano-
particles except for using 12 mg of the Pt—Fe3;0,4 hybrid
nanoparticles as seeds and a reaction time and tempera-
ture of 15 minutes at 170 °C.

Materials Characterization. Transmission electron
microscopy (TEM) images were collected on a JOEL
1200 EX Il microscope operating at 80 kV. High-
resolution transmission electron microscopy (HRTEM)
images, unless otherwise stated, were collected on a FEI
Titan G2 S/TEM equipped with spherical aberration cor-
rectors on the image and probe-forming lenses at an
accelerating voltage of 200kV. Unless otherwise indicat-
ed, high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), STEM energy dis-
persive X-ray spectroscopy (STEM-EDS) maps, and
selected area electron diffraction (SAED) patterns were
collected on a FEI Talos F200x S/TEM at an accelerat-
ing voltage of 200 kV. ImagedJ software was used to ana-
lyze the SAED and HRTEM images. Bruker ESPIRIT 2
software was used to interpret the STEM-EDS element
map data. Powder X-ray diffraction (XRD) data were
collected on a Bruker D-8 Advance X-ray diffractometer
using Cu Ka radiation. X-ray photoelectron spectra
(XPS) were collected on a PHI VersaProbe Il spectrome-
ter, equipped with a scanning monochromatic Al Ka X-
ray source (hv = 1486.6 eV) and a concentric hemi-
spherical analyzer. Charge neutralization was performed
using both low energy electrons (<5 eV) and argon ions.
The binding energy axis was calibrated using sputter
cleaned Cu foil (Cu 2ps = 932.7 eV, Cu 3pz, = 75.1 eV).
Survey and high-resolution scans were acquired at pass
energies of 117.4 eV and 29.4 eV, respectively. Peaks
were charge referenced to C 1s at 284.8 eV. Measure-
ments were made at a takeoff angle of 45° with respect
to the sample surface plane. This resulted in a typical
sampling depth of 306 nm (95% of the signal originated
from this depth or shallower). Quantification was done

using instrumental relative sensitivity factors (RSFs) that
account for the X-ray cross section and inelastic mean
free path of the electrons.

Results and Discussion

Deposition of Cu;N and Cu;PdN on Pt and Au Nano-
particles. CusN nanoparticles were synthesized by re-
acting Cu(NO3), in 1-octadecene and oleylamine at 210
°C and CusPdN nanoparticles were synthesized by re-
acting Cu(NOs), and Pd(acac), in 1-octadecene and
oleylamine at 190 °C as described in detail in the Exper-
imental Section and as confirmed by the TEM and XRD
data in Figures 1 and S1. We then used these same
reagents and reaction conditions to attempt to grow
CusN and CusPdN in the presence of various types of Pt
and Au nanoparticle seeds to produce heterostructure
nanoparticles having metal nitride—noble metal interfac-
es. Figure 1 shows TEM images of the three types of Pt
and Au nanoparticle seeds: 8-nm cube-shaped Pt parti-
cles, 6-nm multi-faceted Pt particles, and 7-nm spherical
Au particles. Figure 1 also shows TEM images of the
products formed after the attempted growth of CusN and
CusPdN using the established conditions mentioned
above. The observed morphologies reveal interesting
similarities and differences among the various systems.
For the spherical Au seeds, CusPdN uniformly covers
the Au particle to form core-shell particles. For the multi-
faceted Pt seeds, a range of heterostructures is ob-
served, including core-shell particles for more spherical
Pt seeds and particles having CusPdN localized on the
more faceted regions. For the cube-shaped Pt particles,
the CusPdN appears to be localized exclusively on the
corners of the Pt nanocubes. The growth behavior of
CusN on the various Pt and Au seeds is quite different
than for CusPdN. For all types of Pt seeds, there ap-
pears to be little preference to where the CusN grows
under established conditions, forming predominantly
core-shell structures. CusN was not observed to grow on
Au seeds under established conditions. In contrast, XRD
data indicate the formation of a AuCu alloy instead of
discreet Au and CusN domains (Figures 1 and S2).

Based on the data in Figure 1, where attempts to seed
the growth of CusN and CusPdN on various Pt and Au
nanoparticles used the reaction conditions that were
already established for the synthesis of CusN and
CusPdN nanoparticles, two sets of observations are es-
pecially notable. First, CusN does not grow on Au seeds
under these reaction conditions, favoring alloy formation
instead of seeded growth, while CusN growth on Pt oc-
curs indiscriminately to form core-shell particles rather
than regioselectively on certain facets. Second, while
CusPdN does indeed grow on both the Pt and Au seeds,
the morphology of the seeds, and in particular the facet-
ing, influences the regions of the particle surface where
nitride growth occurs. These results point to differences
in the growth pathways for the various systems, as well
as the possibility of achieving regioselectivity during
seeded growth, and therefore motivate a deeper study of
the pathways by which the metal nitrides grow on noble
metal seeds.
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Figure 1. TEM image grid showing (top) the various Pt and Au nanoparticle seeds, (left) CusN and CusPdN nanoparticles synthe-
sized directly without noble metal seeds present, and (other panels) heterostructured nanoparticles formed by growing CusN and
CusPdN on the various Pt and Au seeds. All scale bars correspond to 50 nm.

Growth Pathway of Cu;PdN on Pt Nanocubes.
The growth of CusPdN on Pt nanocubes provides an
instructive model system for elucidating the pathway by
which metal nitrides grow regioselectively on noble
metal seeds. To monitor the growth process, samples
from three individual reactions, run in parallel under
identical conditions, were obtained by quenching 1)
when the reaction reached 170 °C (the point at which
the solution was observed to darken), 2) when the re-
action reached 190 °C (the temperature at which
CusPdN forms), and 3) after the reaction was held for
30 min at 190 °C (complete reaction). Figure S3 shows
TEM images for each sample. At 170 °C, the Pt seeds
appear unchanged by TEM, suggesting that seeded
growth has not yet occurred. However, at 190 °C, both
initially and after 30 min, there is evidence of significant
seeded growth, with cube-shaped particles growing off
the corners of the Pt nanocubes. This indicates that
growth occurs rapidly in the range of 170 °C to 190 °C.

To better probe the early stages of growth between
170 °C and 190 °C, we generated five additional sam-
ples by holding the reactions at 170 °C and quenching
after 5, 10, 15, 60, and 120 minutes. Figure 2 shows
HRTEM, HAADF-STEM, and STEM EDS data for the

5, 10, and 15-minute samples; HAADF-STEM and
STEM EDS data for the 60 and 120-minute samples
are shown in Figure S4 of the Supporting Information.
After 5 minutes at 170 °C (Figure 2a-f), no visible sur-
face deposits are observable microscopically. Howev-
er, STEM-EDS element maps indicate that the surface
is covered with Cu, which is consistent with the darken-
ing of the solution. No Pd is present in the particles at
this stage. After 10 minutes at 170 °C (Figure 2g-l), the
HRTEM and HAADF-STEM images reveal a lighter-
contrast shell surrounding the darker-contrast Pt
seeds, and the shell correlates with the Cu signal in the
STEM-EDS maps. Interestingly, the Cu is colocalized
with a small amount of Pd, in a 9:1 Cu:Pd ratio, alt-
hough the Pd is predominantly present at the corners
of the Pt nanocube seeds while the Cu appears more
localized on the edges and corners of the cubes. At
this point, Cu has deposited on the Pt seeds and Pd
begins localizing at the corners, which are the most
reactive regions of the Pt nanocubes where growth
apparently is favored. Additionally, Cu is beginning to
coalesce on the edges, which is also a highly reactive
region of the seed particle surface. After 15 min at 170
°C (Figure 2m-r), growth at the corners has increased
to a point where an incomplete shell decorates the Pt
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Flgure 2 Tlme -dependent growth studles of Cu3PdN on Pt nanocubes at 170 oC for (a ) 5 mlnutes (g l) 10 minutes, and (m r) 15
minutes. The data for each time point include (a,gm) TEM images, (b,h,n) HAADF-STEM images, (c-e, i-k, 0-q) STEM-EDS element
maps for Pt (red), Cu (blue), and Pd (green), and (f,I,r) HRTEM images of individual particles. The STEM-EDS maps correspond to
Pt-La, Cu-Ka, and Pd-La. HAADF-STEM and EDS maps were collected on a FEI Titan G2 S/TEM.

nanocube seeds. The corresponding STEM-EDS maps
show co-localization of Cu and Pd in the 3:1 ratio ex-
pected for CusPdN. XRD confirms the presence of both
Pt and CusPdN (Figure S5). Furthermore, the HRTEM
image in Figure 2r shows lattice fringes on the corner
domains with d-spacings corresponding to the (110)
plane in CusPdN. This d-spacing value, which is diag-
nostic of CusPdN, matches well with the d-spacing of
CusPdN obtained from the Pt—-CusPdN XRD pattern,
Figure S6. The HRTEM images show that CusPdN and
Pt are crystallographically aligned and epitaxial, which
is consistent with the closely related lattice constants of
CusPdN (a = 3.85 A) and Pt (a = 3.90 A). While the
presence of an amorphous Cu or CuOy shell cannot be
ruled out, the data are most consistent with the for-
mation of CusPdN.

The 60-minute and 120-minute samples, shown in
Figure S4 of the Supporting Information, appear to be
morphologically indistinguishable from the 15-minute
sample, indicating that significant additional growth of
CusPdN on the Pt seeds does not occur, and that the
terminal size is reached within 15 minutes of growth at
170 °C. However, XRD data shows an increase in rela-
tive peak intensity, implying increased crystallinity of
the CusPdN domains with increasing reaction time
(Figure S5). This indicates that solution-phase anneal-
ing is occurring with prolonged heating.

XPS provides additional insights into the evolution of
the surface species during the seeded growth process.

Figures 3 and S7 show high-resolution XPS spectra of
the Pt 4f, Cu 2p, Pd 3d, and N 1s regions for samples
where CusPdN growth on Pt was allowed to proceed at
170 °C for 10 minutes and 15 minutes. Quantification
using instrumental relative sensitivity factors (RSFs)
reveals 9:1 and 3:1 Cu:Pd ratios for the 10- and 15-
minute samples, respectively, which matches the
Cu:Pd ratios observed by EDS and is also consistent
with the microscopic observation that Cu deposits be-
fore Pd.

For both the 10- and 15-minute samples, the XPS
spectra of the N 1s region contain two distinct binding
energies (Figure 3). The peak at ~397 eV corresponds
to the N in CusPdN and the peak at ~399.5 eV corre-
sponds to the N in oleylamine that is adsorbed to the
surfaces of the particles.® The N 1s signal for the 15-
minute sample is more intense than for the 10-minute
sample, with a significantly larger signal-to-noise ratio,
and this is consistent with a larger amount of nitrogen
incorporated into the product, consistent with the for-
mation of CusPdN, as the reaction proceeds. XPS
spectra for the Pt 4f region (Figure S7 show the ex-
pected 4fs», and 4f7, binding energies of 74.5 eV and
71.2 eV, respectively, which are consistent with metal-
lic Pt.% XPS spectra for the Cu 2p region shows the
2p12 and the 2ps» binding energies at 952.5 eV and
932.7 eV, respectively. The Cu 2p binding energies are
in good agreement with those expected for Cu-N bond-
ing in the CusN substructure of CusPdN.32 The Pd 3d
regions for both the 10- and 15-minutes samples show
3ds» and 3ds;; binding energies of 340.7 eV and 335.4



eV, respectively. The peak at 335.4 eV corresponds
well with the Pd-N binding energy that would be ex-
pected for the formation of CusPdN, rather than a bind-
ing energy of 335.1 eV that would indicate metallic
Pd.*
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Figure 3. XPS spectra for the N 1s region characterizing the
growth of CusPdN on Pt nanocubes at 10- and 15-minute
time points. The deconvolutions in the 15-minute sample
represent the emission from surface bound oleylamine
(blue) and N bonded to Cu in the CusPdN crystal (red).

Taken together, the experiments and data described
above provide important insights into the pathway by
which CusPdN grows on Pt nanoparticle seeds. Initially,
a Cu-containing species deposits on the surface of the
Pt seeds. As the reaction proceeds, more Cu is depos-
ited, followed by a slower deposition and incorporation
of Pd onto higher-energy regions of the Pt nanoparticle
surface, i.e. corners of cubes or edges of multifaceted
particles. Further heating results in coalescence of the
Cu species with concomitant incorporation of deposited
Pd, ultimately resulting in the formation and crystalliza-
tion of CusPdN. For the Pt cubes, this results in regi-
oselective growth of CusPdN on the corners. Continued
heating beyond this point results in solution-phase an-
nealing of the CusPdN domains, which increases their
crystallinity but does not result in further growth. The
pathway by which CusPdN grows on cube-shaped Pt
seeds involves nonselective deposition followed by
surface migration and coalescence to a preferred inter-

face. A similar pathway was identified during the
growth of Ag on Pt—Fe;0, hybrid nanoparticles. Here,
Ag initially deposited on the both the Fe;O4 and Pt do-
mains. Further heating resulted in surface migration of
the Ag from the Fe3;04 domains to the Pt domains fol-
lowed by coalescence into a larger Ag domain an-
chored to the Pt surface. It is also known that the mor-
phology of a seed nanocrystal influences the morphol-
ogy of the resulting heterostructure after seeded
growth, due to differences in surface diffusion of de-
posited atoms as well as the nature of the particle-
particle interface.3%%"
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Figure 4. (a-c) TEM images characterizing the time-
dependent growth of CusN on Pt nanocubes at 170 2C. (d)
HAADF-STEM image and corresponding EDS maps for (e) Pt
and (f) Cu) for the 120-minute sample. The STEM-EDS maps
correspond to Pt-La and Cu-Ka.

Figure 5. (a) TEM image, (b) HAADF-STEM image, and
STEM-EDS maps for (c) Ptand (d) Pd corresponding to the
growth of Pd on Pt nanocubes. The STEM-EDS maps corre-
spond to Pt-La and Pd-La.



Figure 6. Growth studies of CusPdN on (a-f) multifaceted Pt and (g-1) pherical Au. The data for each system include (a-b, g-h),
TEM images, (c,i) HAADF-STEM images, and (d-f, j-1) STEM- EDS maps. The STEM-EDS maps correspond to Pt-La, Cu-Ka, and Pd-

La.

Growth Pathway of Cus;N and Pd on Pt
Nanocubes. To better understand the role of Pd in
facilitating the growth of CusPdN on Pt, and also be-
cause CusN and CusPdN were observed to grow differ-
ently on Pt (Figure 1), we carried out analogous exper-
iments growing CusN and Pd. Figure 4 shows TEM
images of the particles obtained during attempted
growth of CusN (without Pd) on Pt nanocubes for 30,
60, and 120 minutes at 170 °C. No surface-seeded
growth is observed at 30 and 60 minutes, but by 120
minutes there is evidence of growth. The HAADF-
STEM image and STEM-EDS element maps in Figure
4 show that the Pt nanocubes are surrounded by a Cu-
containing shell, and XRD and SAED data confirm the
presence of both Pt and CusN (Figure S8). The data in
Figure 4 indicate that CusN grows on both the corners
and faces of the Pt nanocubes. This contrasts with the
growth of CusPdN, which was almost exclusively local-
ized to the corners of the Pt nanocubes. However, a
Cu-rich shell was observed to surround the Pt
nanocubes at early time points during the growth of
CusPdN (Figure 2). This suggests that at early stages
of the seeded-growth reactions, both CusN and
CusPdN grow through a similar pathway, but that Pd
plays a role in localizing further growth of CusPdN to
the corners of the Pt nanocubes, whereas for CusN the
growth remains indiscriminate.

TEM, HAADF-STEM, and STEM-EDS images for
similar experiments involving the growth of Pd (without
CusN) on Pt are shown in Figure 5. The growth was
carried out for 15 minutes at 170 °C. The data reveal

that Pd grows almost exclusively on the corners of the
Pt nanocubes. This further validates the hypothesis
that the seeded growth of CusPdN on Pt nanocubes
occurs first through CusN growth on the entire Pt sur-
face followed by selective deposition of Pd at the Pt
nanocube corners and finally incorporation of the CusN
into the Pd to form CusPdN.

Growth of CusPdN on Multifaceted Pt and Spheri-
cal Au. The studies described above indicate that
CusPdN grows predominantly on the corners of Pt
nanocubes, driven by the preference of Pd to deposit
selectively at the corners during an intermediate step.
This suggests that CusPdN deposition on metal nano-
particle seeds that are more faceted or spherical, which
do not have well-defined edges or corners, may not
occur regioselectively, but rather form core-shell struc-
tures. To examine this behavior, 5 nm multifaceted Pt
nanoparticles were subjected to the same CusPdN
growth conditions as outlined previously. Here, the only
difference in the reaction is the initial morphology of the
Pt seed particles. As shown in the TEM, HRTEM,
HAADF-STEM, and STEM-EDS data in Figure 6, the
dominant product is Pt@CusPdN core@shell particles,
with CusPdN completely surrounding the multifaceted
Pt nanoparticle seeds. However, a closer look reveals
that the multifaceted Pt seeds span a range of mor-
phologies, including nanocubes, multi-faceted particles,
and spherical particles, allowing us to discern different
growth patterns for different seed morphologies in the
same sample and therefore under identical conditions.
The nanocube-shaped seeds exhibit the same corner-



localized growth of CusPdN that was observed in Fig-
ure 2, while the spherical seeds have a continuous
shell of CusPdN. Interestingly, the multi-faceted Pt
seeds show preference for CusPdN growth at the edg-
es that connect different facets.

The results above confirm that faceting of seed na-
noparticles influences subsequent growth and, conse-
quently, that seed particle faceting can be used to tune
the type of heterostructure that forms as a result of
CusPdN growth. Consistent with this, Figure 6 also
shows data for CusPdN growth on spherical Au nano-
particles, which do not exhibit significant faceting. Con-
sistent with the role of faceting in growth location,
CusPdN completely surrounds the Au nanoparticles in
an exclusive Au@CusPdN core@shell morphology.

Growth of CusPdN on Pt-Fe:;O, Heterodimers.
The studies described above provide important insights
into the pathway by which the ternary metal nitride
CusPdN can be controllably integrated into nanoparticle
heterostructures. To further expand the complexity of
such heterostructures, we applied our knowledge of
CusPdN seeded growth to Pt—Fe304, which is a more
complex hybrid nanoparticle seed. Here, the same Pt
nanocube seeds used as seeds for growing CusPdN
were first used to grow Fe3Os, as reported previously.
Each resulting Pt-Fes04 heterodimer has a single do-
main of Fe;O4 that grows on a face of the Pt nanocube.
The Fe3;04 domain protects one half of the Pt nanocube
seed, leaving the other half exposed. We hypothe-
sized, based on the studies above, that CusPdN would
grow on the corners of the exposed half of the Pt
nanocube seed.

As shown in Figure 7, CusPdN does indeed grow on
the exposed surface of the Pt domain to form an unu-
sual Fe304—Pt-CusPdN heterotrimer. The TEM image
in Figure 7a shows that the majority of the product is
Fe;O4,—Pt-CusPdN, with small subpopulations of Pt—
Fe;O4 and Pt-CusPdN, which we anticipate could be
separated through magnetic and/or thermal fractiona-
tion techniques if desired.®® A representative HRTEM
image, shown in Figure 7b, indicates that CusPdN
grows epitaxially on the corners and edges of the fac-
eted Pt nanoparticle seeds, as expected based on the
growth pathway and crystallographic relationships de-
scribed in the preceding sections. Because on this
pathway that favors growth at corners and edges, mul-
tiple distinct CusPdN domains grow on the Pt seeds.
The HAADF-STEM image in Figure 7c (inset) and cor-
responding STEM-EDS map in Figures 7d and Figure
S9 further confirm the identities of the Fes;O4, Pt, and
CusPdN domains. The XRD data in Figure S9 confirm
that all three components are present and crystalline
throughout the bulk sample. Fe3;O, is the dominant
phase by XRD, which is consistent with its crystallinity,
size, and relative phase fraction in the Fe;O,—Pt-
CusPdN heterotrimers. The peaks for Pt and CusPdN
are close together but distinguishable, even within the
significantly broadened peaks, based on the peak
asymmetry.

S 5 nm

Figure 7. (a) TEM image, (b) HRTEM image, and (c) com-
bined STEM-EDS map with corresponding HAADF-STEM
(inset), characterizing the CusPdN-Pt-Fe304 heterotrimer
product formed from growing CusPdN on Pt-Fe304 hetero-
dimers. The STEM-EDS maps include Pt-La (red), Cu-Ka
(blue), Pd-La (green), and Fe-Ka (purple). HAADF-STEM and
EDS were collected on a FEI Titan G2 S/TEM.

Conclusions

We have shown that transition metal nitrides can be
incorporated into colloidal nanoscale heterostructures
through seeded growth on noble metal nanoparticles.
We elucidated the pathways by which the model sys-
tems CusN and CusPdN grow on Pt and Au seeds and
found that the types of nanostructures that form de-
pend on both the morphology of the seed particle and
the material being deposited. We found that Cu first
deposits indiscriminately over the entire surface of the
seed particles. For CusPdN, Pd then deposits at cor-
ners or edges of faceted seed particles, followed by
coalescence, growth, and crystallization that ultimately
results in localization of CusPdN to these higher-energy
regions of the seed particle surface. When spherical Pt
or Au seeds are used instead of cube-shaped or multi-
faceted particles, CusPdN instead deposits on the en-
tire surface rather than localized in certain regions. For
CusN on Pt, nonselective growth occurs as well, as Pd
is not present to localize deposition to corners or fac-
ets. For CusN on Au, Cu deposition competes with al-
loy formation, and we observe that AuCu forms instead
of any heterogeneous growth product. CusPdN can
also be deposited on multicomponent seeds such as
Fe;O4—Pt, forming complex Fe;Os—Pt—CusPdN hetero-
trimers. Collectively, these insights provide guidelines
for growing transition metal nitride nanoparticles on
noble metal seeds, for tuning between core@shell and
hybrid morphologies, and for using secondary metal
deposition (e.g. Pd on Pt) to localize metal nitride
growth at certain regions of the seed particle surface to
achieve regioselective deposition. We anticipate that
these pathways may be generalizable to other metal—



metal nitride systems, and also be useful for develop-
ing multi-functional nanostructures that exploit the cata-
lytic and plasmonic properties of the various compo-
nents.
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