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The Chemistry of Cu;N and Cu;PdN Nanocrystals™*
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Dietger Van den Eynden, Maria Ibafiez, Anna Regoutz, and Jonathan De Roo*

Abstract: The precursor conversion chemistry and sur-
face chemistry of Cu;N and Cu;PdN nanocrystals are
unknown or contested. Here, we first obtain phase-pure,
colloidally stable nanocubes. Second, we elucidate the
pathway by which copper(I) nitrate and oleylamine
form Cu;N. We find that oleylamine is both a reductant
and a nitrogen source. Oleylamine is oxidized by nitrate
to a primary aldimine, which reacts further with excess
oleylamine to a secondary aldimine, eliminating ammo-
nia. Ammonia reacts with Cu' to form Cu;N. Third, we
investigated the surface chemistry and find a mixed
ligand shell of aliphatic amines and carboxylates
(formed in situ). While the carboxylates appear tightly
bound, the amines are easily desorbed from the surface.
Finally, we show that doping with palladium decreases
the band gap and the material becomes semi-metallic.
These results bring insight into the chemistry of metal
nitrides and might help the development of other metal
nitride nanocrystals.

’ J

Introduction

Metal nitrides are a versatile class of materials with
increasing interest.!! Copper nitride (Cu;N) specifically has
garnered attention as an inexpensive, non-toxic material
with potential applications in solar cells,”’ high-density
optical data storage,” and electrocatalysis (oxygen evolution
and CO, reduction). Cu;N is a semiconductor with a
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calculated indirect band gap of 1 eV and an anti-ReO; cubic
crystal structure.™ The body center position can be
occupied by dopants (e.g., palladium) forming structures
such as Cu;Pd,N. Upon doping, the lattice constant
increases,® and the electronic structure of the material is
reported to change from semiconducting to semi-metallic.”!

Bulk Cu;N forms at relatively low temperature but
decomposes at higher temperature (475°C) to metallic
copper (under inert atmosphere) or copper oxide (in air).>¥
The first wet-chemical synthesis of bulk Cu;N powders were
based on aminolysis or the solvothermal decomposition of
copper azides.™” Ultra-small (2-4 nm) and colloidally stable
nanocrystals of Cu;N have been synthesized from Cu(OMe),
in benzylamine™” or by aminolysis of Cu' in pyridine.'
Larger colloidal Cu;N nanocubes have been obtained from
copper nitrate and alkylamine (Scheme 1).**¢2l In most
cases, additional solvent is added (usually 1-octadecene,
ODE). The equivalents of ligand (32-66), the reaction
temperature (220-280°C), and time (10-60 min) vary, as
does the nature of the alkyl chain of the amine (oleylamine,
hexadecylamine or octadecylamine). Changing the nature of
the amine allows to tune the final size from 10 to 25 nm.['*

Unfortunately, the reaction mechanism and the by-
products are not well established. Some authors claim that
nitrate is the nitrogen source, and thus nitrogen is supposed
to be reduced from its highest oxidation state in nitrate to its
lowest oxidation state in nitride, and this process is
presumably catalyzed by the amine ligand."®! Such an eight-
electron redox process is unlikely to happen in a single
reaction. Other authors assume that Cu" is first fully
reduced to Cu’ and subsequently reacts with dinitrogen (a
possible decomposition product of the nitrate complex).!'’!
However, the nitrogen-nitrogen bond in dinitrogen is
extremely strong (946 kJmol™"),!") and N, is thus not likely
to react with elemental copper at 250°C. There is currently
insufficient evidence to claim a mechanism for the precursor
conversion. Regarding the crystallization mechanism, it was
shown that first small, amorphous particles form, which
subsequently ripen into CusN nanocubes.*!

220-280 °C
CU(NO3)2‘3H20 10-60 min 1/3 CU3N
+ 32-66 RNH, (ODE) + by-products

Scheme 1. The range of conditions reported for the synthesis of
colloidal Cu;N nanocrystals.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

U901 SUOLULLIOD BAITERID) 3|ceol|dde 8 Ag peuBA0B e SILE YO 195N 0 S3INJ J0j ARRIqIT BUIIUO AB]IM U (SUOIIPUCO-PLE-SLLBIALIOD AW Ae.q1[BU1UO//'STIY) SUONIPUD PUe S 18U 89S *[2202/2T/ST] Uo Ateiqiauliuo As|Im ‘ Bsed 5RUI01QIcSEIS BAIN AQ £T0/0ZZ0Z 21Ue/Z00T OT/I0/L00"A8| I AReIq1Bul|uo//SAIy 01} PAPEOjUMOQ “TE ‘2202 ‘ELLETZST


http://orcid.org/0000-0002-3747-3763
http://orcid.org/0000-0002-1264-9312
https://doi.org/10.26434/chemrxiv-2022-2tjc0-v2
https://doi.org/10.1002/anie.202207013
https://doi.org/10.1002/ange.202207013
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202207013&domain=pdf&date_stamp=2022-06-15

GDCh
=

The surface chemistry of Cu;N nanocrystals is also
unknown. Although alkylamines are the only ligand present
during the synthesis, there are several examples where the
ligands can convert to other ligands during nanocrystal
synthesis, leading to surprising surface chemistries.” Given
the importance of surface chemistry for nanocrystal applica-
tions it is imperative to elucidate and control it."® Amines
typically bind to the nanocrystal surface as Lewis basic (L-
type) ligands and feature an adsorption—desorption equili-
brium that is often highly dynamic.!'”’ However, in the case
of copper-based nanocrystals, amines have been observed to
be tightly bound.' It is thus surprising that Cu;N nano-
crystals have generally poor colloidal stability after purifica-
tion.

In this work, we aimed at elucidating the precursor
conversion mechanism and surface chemistry of Cu;N (and
Cu;PdN) nanocrystals, synthesized from copper nitrate (and
palladium acetylacetonate). We first screened the different
synthetic methods in the literature, and found the report of
Vaughn etal. as the most reproducible.™' We then
explored the influence of different parameters on the
reaction outcome, including the presence of water, temper-
ature, time, etc. Having obtained the optimal conditions to
form phase pure CusN nanocubes, we then redesigned the
purification procedure to yield colloidally stable Cu;N nano-
crystals. We uncovered the precursor conversion mechanism
of the reaction. We found that nitrate and Cu" both oxidize
alkylamine to a primary aldimine, forming also Cu'.
Condensation of the primary aldimine with a second
equivalent alkylamine, yields a secondary aldimine and
ammonia. The latter is the active nitrogen precursor and
reacts with Cu' to Cu;N. Finally, the surface of these Cu;N
and Cu;PdN particles has been analyzed. X-ray photo-
electron spectroscopy (XPS) and Fourier Transform Infra-
red spectroscopy (FTIR) established the presence of carbox-
ylate ligands on the surface, together with amine ligands.
Advanced nuclear magnetic resonance (NMR) spectroscopy
revealed the dynamics of ligands binding. These fundamen-
tal chemistry insights will enable the elucidation of forma-
tion mechanisms of other copper-based colloidal nano-
crystals and other metal nitrides.

Results and Discussion

We decided to optimize the procedure reported by Vaughn
et al. by exploring the influence of different parameters.'*!
First, we replaced 1-octadecene (the solvent) with hexade-
cane since we reported earlier that 1-octadecene polymer-
izes at 240°C, contaminating the final nanocrystal product
and complicating the purification.’” Concerning reaction
temperature, crystalline Cu;N was formed between 220°C
and 260°C (after 15 minutes), with the highest crystallinity
for 260°C (Figure S1). Interestingly, the crystallite size was
found to be quite independent of the reaction temperature;
10-11 nm according to the Scherrer analysis of the powder
XRD (X-ray diffraction) reflections. At 200°C, no particles
could be isolated. Furthermore, we took reaction aliquots at
5, 10, 15, 30, and 60 min at 240°C and 260°C. Each aliquot
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was purified and analyzed by transmission electron micro-
scopy (TEM) to observe the nanocrystal growth throughout
the reaction. At 240°C, we observed both small dots and
fully formed nanocubes up to 15min of reaction time
(Figures S2). The small particles presumably ripen in the
bigger nanocubes since the former disappear at 30 min.
After 60 minutes at 240°C, the XRD showed pure Cu;N. By
comparison, at 260°C, the nanocubes were already fully
formed after 15 min. After 30 min at 260°C, the particles
started to decompose and crystalline Cu” was formed. Some
Cu,0 could also be detected as a minority phase after full
decomposition. (Figure S3).

The reported procedure has two steps where vacuum is
applied. This leads us to investigate the role of water and
whether an inert atmosphere is strictly necessary. Note that
the precursor contains water (an equivalent of 13 puL for a
standard synthesis). We obtained identical Cu;N nanocrys-
tals when the vacuum steps were omitted, or, when after
applying vacuum (presumably removing water), 13 uL of
water was injected into the reaction mixture (Figures S4,
S5). However, the same reaction in an open flask did not
yield Cu;N (or any isolatable material), indicating that an
important gaseous intermediate can escape from the reac-
tion mixture. To work under controlled and reproducible
conditions, we still choose to perform a short (30 min)
degassing step at 50°C, but it appears that the synthesis is
robust against air or water contamination. We also found
that both 30 and 60 equivalents of amine ligands yielded
Cu;N nanocrystals (Figure S6). Based on the above optimi-
zation, we arrived at the conditions in Scheme 2.

After applying the reported precipitation-and-redisper-
sion cycles (with ethanol and toluene),!'™! the particles were
redispersed in toluene (5 mL), but they precipitated within a
couple of minutes, see Figure 1. Since the nanocrystals were
colloidally stable in the crude reaction mixture, we hypothe-
sized that the ligands desorbed from the surface during the
precipitation-and-redispersion cycles. The nature and vol-
ume of the solvent used for redispersion play an important
role since they determine the position of the adsorption—

Cu(NO3)2-3H,0  260°C, 15 min 1/, cysN
+ 32 RNH, hexadecane + by-products

Scheme 2. The conditions that lead most reproducibly to phase-pure
Cu;N nanocrystals.

Figure 1. Photograph of Cu;N nanocrystals after regular (left) and
optimized (right) purification.
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desorption equilibrium. The ligand—solvent interaction
should be favorable enough to disperse the nanocrystals, but
not so high that ligands prefer to be fully solvated over
being bound to the surface.’ During purification, it is also
preferred to work with quite concentrated dispersions to
minimize the loss of nanocrystals over several cycles. On the
other hand, too high concentrations might cause impurities
to be trapped between the flocculating nanocrystals. Consid-
ering the above points, we adapted the purification proce-
dure. Various solvents (toluene, hexane, chloroform, and
cyclohexane), as well as non-solvents (acetone, ethanol, and
methanol), were tested. Our final procedure involves two
precipitation cycles with acetone (15 mL) followed by a final
precipitation with ethanol (15 mL), always redispersing in
cyclohexane (5mL).” A 10v% solution of distilled oleyl-
amine was added after the first acetone wash (1 mL) and
after the second acetone wash (2 mL) followed by 5 minutes
of sonication. There was no need for a final oleylamine
addition after the ethanol wash and the nanocrystals
remained colloidally stable. This procedure thus minimized
the amount of excess ligand in the final product but
provided a stable dispersion (11 mgmL™) of oleylamine-
capped Cu;N nanocrystals (Figure 1). From thermogravi-
metric analysis (TGA), we determined that the dried
samples contained 29.2 w % organics (ligands) and the final
Cu;N yield is 96 % (Figure S7).

Copper palladium nitride (Cu;PdN) nanocrystals were
also synthesized. The procedure was identical to that of
Cu;N, except for the reaction temperature (240°C) and the
addition of 0.33 equivalents of palladium(II) acetylaceto-
nate, alongside the Cu(NO;),. The doped nanocrystals were
purified with the optimized purification method. The syn-
thesis yielded black nanoparticles that were colloidally
stable (13 mgmL"). According to TGA, ligands make up
1322 w% of the dried mass (assuming perfect Cu;PdN
stoichiometry) and the Cu;PdN yield is 91 % (Figure S7).

The final dispersions of Cu;N and Cu;PdN nanocrystals
were analyzed with TEM, XRD and dynamic light scattering
(DLS) (Figure 2). According to TEM, the average cube
edge length is 13.5 nm (¢=1.9 nm) for the Cu;N nanocubes
and 10.2 nm (6=1.4 nm) for the Cu;PdN nanocrystals. The
solvodynamic diameter obtained from DLS analysis were
17 nm for Cu;N and 13 nm for Cu;PdN. The sizes obtained
via DLS are in line with the sizes obtained via TEM since
DLS determines the solvodynamic size of the whole particle,
including the surface ligands. Both TEM and DLS support
that the dispersions are highly stable since no aggregates are
observed. XRD shows quite sharp reflections for CusN
(crystallite size=9.0+1.7 nm), while they are broader for
Cu;PdN (crystallite size=4.5+1.1 nm). Compared with the
sizes obtained from TEM, it is clear that the Cu;PdN
nanocrystals are polycrystalline. A real space refinement of
the Pair Distribution Function further confirms the structure
of Cu;N and Cu;PdN (Figure S8).

Regarding the precursor conversion mechanism, we
found the proposed pathways in literature implausible and
therefore proposed an alternative hypothesis in which the
active nitride source is ammonia, see Scheme 3. First,
oleylamine is oxidized to a primary aldimine by nitrate.
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Figure 2. TEM images of A) Cu;N and B) Cu;PdN. The histograms are
shown as an inset. The cube edge length is used as a measure for size.
C) DLS and D) powder XRD measurements (the reference XRD
reflections are shown as well).

R™ " NH, Cu(ll)
l NOy R™ NH,
R™SNH Cu(l)
l R™ > NH,
CusN + 3 H*

N
R/\N/\R + NH3

Scheme 3. Our proposed pathway for Cu;N formation. Precursors are
shown in black, detected species in red, and hypothesized intermedi-
ates in blue.

Nucleophilic addition of a second equivalent of oleylamine
forms the more stable, secondary aldimine with the elimi-
nation of ammonia. Ammonia reacts with Cu' to Cu;N,
releasing three protons. The Cu' species was generated by
reduction of Cu" by oleylamine upon heating. Cyclic
voltammetry confirms a lower reduction potential of Cu" to
Cu' upon addition of oleylamine (at room temperature)./*!
We hypothesize that the co-product of this Cu" reduction is
the same primary aldimine as mentioned before.

The copper precursor, Cu(NO;),-3H,0, does not dis-
solve in the solvent (hexadecane) until oleylamine is added,
indicating the formation of a coordination complex. This is
supported by the deep blue color of the reaction mixture,
typical for Cu" coordinated by amines.’! During the heat-
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up to 260°C, the color of the solution changes from blue to
yellow around 185°C, indicating the reduction of Cu" to
Cu'. Concomitant with the color change, new resonances
appear in the 'H NMR spectrum of the reaction mixture
(Figure 3). We assign these resonances to the secondary
aldimine. Upon reaching the reaction temperature (240-
260°C), the reaction mixture turns brown (indicating the
formation of Cu;N), and we observe in the 'HNMR
spectrum a significant increase in the aldimine concentration
(Figure 3). We confirmed the identity of the aldimine by
synthesizing the secondary aldimine of dodecyl aldehyde
and octadeylamine, and we found perfect agreement of the
resonances 1-3.

Ammonia is detected in the reaction mixture by
bubbling Ar through the reaction mixture during synthesis,
and dissolving the gasses in either 40 mL or 80 mL water. A
commercial ammonia test kit indicates a concentration of
200 mgL™" or 100 mgL™" respectively (Figure S9). Given
that the reaction is executed at a scale of 0.24 mmol Cu, and
assuming that every nitrate (0.48 mmol) oxidizes one oleyl-
amine molecule, this is the expected amount of ammonia
(0.48 mmol, 8mg). We can also quantify the aldimine
formation by using the alkene resonance of oleylamine as
the internal standard. For every aldimine, we find 18 oleyl
chains, indicating a conversion of 5.5%. Given that
7.6 mmol oleylamine was used, this amounts to 0.42 mmol
aldimine. This value is in reasonable agreement with the
amount of ammonia detected (taking into account the error
on the ammonia measurement and the fact that oleylamine
is only 70 % pure). This quantitative picture thus confirms
our hypothesis and indicates a one-to-one stoichiometry
between nitrate, aldimine, and ammonia. We did not obtain
Cw;N in this experiment since we removed ammonia from
the reaction mixture. This indicates that ammonia is
essential in nitride formation. Literature shows that ammo-
nia indeed reacts with copper salts to Cu;N.!"->!

3
R N NR
1 1 2 2 3

R
~—

& aldimine reference n

| } | 260°C 15 min

| | 260°C

240°C )
220°C

L j_L__190°C

L degassed
[ T I k I d
8 7 6 5 4 3 2
"H chemical shift (ppm)

Figure 3. "H NMR spectra of aliquots after degassing, at 190°C (after
the color change), at 220°C, at 240°C, at 260°C and at the end of the
reaction. Aldimine formation is observed starting from 190°C. The
aldimine reference is shown for comparison.
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We also quantified the small amount of aldimine
(0.1 mmol) generated during the reduction of Cu” to Cu".
This value is about half of the copper amount (0.24 mmol)
and can be easily rationalized based on electron counting in
the redox reactions. Indeed, the reduction of Cu" to Cu' is a
one-electron process while the oxidation of primary amine
to aldimine is a two-electron process (Scheme 4). Aldimine
has also been observed in the synthesis of Cu’ and Pd’
nanocrystals,” and it appears to be the typical oxidation
product of oleylamine. Scheme 4 also makes clear that the
oxidation of primary amine generates a large amount of
protons which are presumably absorbed by the excess
oleylamine. These protons are observed in the 'H NMR
spectrum as a broad resonance around 3 ppm (see Figure 3).
They do not appear in the typical region for alkylammonium
resonances, since maximally 1.2 mmol protons are generated
and oleylamine is still present in excess (7 mmol). Given
that proton equilibria are typically fast, we thus observe the
population averaged chemical shift between protonated
oleylamine and unprotonated oleylamine.

Our proposed pathway requires a primary amine. To
further test our hypothesis, we thus attempted the synthesis
of Cu;N with dioctylamine and trioctylamine. As expected,
the reaction did not produce Cu;N but Cu,O instead
(Figure 4). Also in the NMR spectrum, we do not find
aldimine in the case of trioctylamine and only a very small
amount in the case of dioctylamine. The latter can be

+

R ONH, ——>= R X\H +2H' +2¢

N

202+ R7ONH, — 2Cu"+ RTNH +2H

Scheme 4. Redox half reactions and overall reaction for the reduction of
Cu®* by primary amines.

oleylamine

di-octylamine

tri-octylamine

ref. CuzN

ref. Cu,O

T T T T 1
20 30 40 50 60

20 (degrees)

Figure 4. XRD spectra of the syntheses with different amines. The
reference of bulk Cu;N (blue) and bulk Cu,O (green) are shown.
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directly oxidized to a secondary aldimine, without a primary
aldimine intermediate (and thus without ammonia elimina-
tion) (Figure S10). As an additional control, we performed a
reaction with copper nitrate and dioctylamine, and bubbled
ammonia through the reaction mixture as soon as Cu' is
formed. XRD analysis shows that Cu;N is formed during
this reaction along with some Cu,O (Figure S11). This
control experiment suggests that our proposed pathway—
Cu' reacting with in situ produced ammonia—is plausible.

We thus firmly established that nitrate is not the nitro-
gen source for Cu;N but rather oxidizes the amine to
aldimine. Cu;PdN nanocrystals follows the same mechanism
based on the formation of aldimine and ammonia during the
reaction (Figure S12). The mechanism is reminiscent of the
one for InN, where In’" oxidizes primary amines into
aldimine and nucleophilic attack of lithium oleylamide
generates amide, NH, .?1 However, an important difference
is that for copper, an additional oxidant (nitrate) is required.
The reduction of Cu?* alone does not seem to generate
sufficient ammonia to form copper nitride since other
copper salts do not generate copper nitride.['™ Or perhaps it
generates ammonia at too low temperatures, where the
formation of Cu;N is not yet favored. More detailed insight
into the crystallization mechanism of Cu;N could shed light
on this issue.

X-ray photoelectron spectroscopy (XPS) was used to
explore the surface chemistry. Survey spectra for both
compounds (Figure S13) show spectral signatures from all
expected elements. In addition, a small amount of Si was
detected most likely from the silicone grease used during the
synthesis. The binding energy (BE) position of the main
feature in the Cu 2p;, core level (932.7+0.1eV) is
commensurate with the expected Cu' oxidation state for
both samples (Figure 5A). In addition, both samples show a
shoulder towards the higher BE of the main peak (marked
with an asterisk in Figure 5A) and in the Cu;PdN sample, a
clear Cu" satellite is also visible. From peak fit analysis
(Figure S14), the contribution of these additional chemical
states relative to the main Cu' line is 12.340.5 rel. at.% for
Cu;N and 17.940.5 rel.at.% for Cu;PdN, respectively. The
Pd 3d core level (Figure SB) is only observed for the
Cu;PdN sample. The BE of the Pd 3ds, component (335.5 +
0.1 eV) is commensurate with Pd° or Pd" with a spin-orbit-
splitting of the doublet of 14.6 eV. In both samples, the N 1s
core level (Figure 5C) displays two contributions. The lower
BE feature at 397.84+0.2 eV corresponds to metal-nitride
and the higher BE feature at 399.64+0.2 eV corresponds to
the expected oleylamine ligand, bound to the nanocrystal
surface. The O 1s core level (Figure 5D) shows three
discernible contributions from metal oxide, metal hydroxide,
and carboxylate environments. Together with the Cu"
species, we infer that the surface of the particles contains an
amorphous copper oxyhydroxide layer. The carboxylate is
assigned to a surface bound oleate ligand and its presence is
also detected by FTIR (broad signal at 1577 cm™', see
Figure S15). Oleate is most likely formed by oxidation of
oleylamine by nitrate, as we reported earlier in the synthesis
of cerium oxide nanocrystals.!">"!
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A Cu2psp, B Pd3d
CusN cul) Pd 3ds,
— Cu,PdN ; Pd 3d, ;
cu(ll
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N-H OH
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Figure 5. XPS core level spectra of Cu;N and Cu;PdN, including A) Cu
2py)5, B) Pd 3d, C) N 15, and D) O 1s.

The 'HNMR spectra of Cu;N and Cu;PdN show the
typical signature of an oleyl chain (Figure 6A). While the
alkene resonance is reasonably sharp, the resonances close
to the binding group are indistinguishable from the back-
ground. This broadening is likely due to fast T, relaxation
induced by copper.['®! Based on the line width of the alkene
resonance,™ we inferred that the ligand is dynamic and in
fast exchange between a bound and free state. This is
confirmed by a relatively high diffusion coefficient (D=
174 um?*s~') determined by pulsed field gradient experiments
on the Cu;N dispersion (Figure S16). For Cu;PdN, we
noticed a second, very broad alkene resonance of low
intensity underneath the sharp signal. A careful pulsed field
gradient experiment revealed that the alkene resonance is a
superposition of two species, one diffusing with D=
48 um?s™! and the other one with D =667 pm*s~" (Figure 6
B). The small diffusion coefficient corresponds to a solvody-
namic diameter of 17 nm (via the Stokes-Einstein equation),
which agrees quite well with a nanocrystal of 12 nm and a
ligand shell of 2 nm thickness. We thus assign the broad
resonance to tightly bound ligand, presumably the oleate.
The larger diffusion constant corresponds most likely to
oleylamine. We could only detect the tightly bound oleate in
the Cu;PdN sample, but oleate is also present on the surface
of Cu;N according to our XPS results, albeit to a lesser
extent. Unfortunately, all NMR signals appear more
broadened in the Cu;N sample and the tightly bound oleate
could not be detected in NMR.

In addition to the identification of the chemical species
present in the samples, XPS was also used to probe the
electronic structure of Cu;N and Cu;PdN by collecting
valence band spectra. Figure 7A shows the valence band
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Figure 6. Nuclear magnetic resonance spectroscopy of the purified
Cu;N and Cu;PdN NCs. A) 'H NMR spectrum in chloroform-d of the
NCs indicating the presence of an oleyl chain. B) Diffusion decay of the
alkene region of the Cu;PdN NCs showing a slow and a fast diffusing
species. The residuals of the fit are also shown.

spectra of the two compounds, as well as the broadened and
cross section weighted total density of states of CusN from
density functional theory (DFT) calculations. The exper-
imental and theoretical results for Cu;N agree very well.
The projected density of states calculations (Figure S17)
show that the valence band of Cu;N is dominated by Cu 3d
states with only minor mixing of Cu 3p states and minimal
nitrogen contributions. The valence band maximum (VBM)
position of Cu;N is 0.55+0.05 eV from the Fermi energy Er.
In comparison, the valence spectrum of Cu;PdN shows
additional intensity towards the Ep from Pd states closing
the VBM-E; gap. In parallel, UV/Vis has been used to
determine the optical band gap of the particles. An indirect
band gap has been reported for Cu;N thin films according to
theoretical band structure calculations. To our knowledge,
the type of optical band gap (direct or indirect) has not yet
been reported for Cu;PdN. In this work, we assumed an
indirect optical band gap for both samples. A Tauc plot
analysis resulted in an optical band gap of 1.4+0.1 eV and
0.2£0.1 eV for our Cu;N and Cu;PdN NCs, respectively
(Figure 7B and C). The reduction in optical band gap is
commensurate with the closing of the electronic VBM-Ey
separation observed in XPS.
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Figure 7. A) Valence region of Cu;N and Cu;PdN, including XPS valence
spectra and the broadened and cross-section-weighted sum of the
projected density of states (PDOS) from density functional theory
(DFT). The position of the valence band maximum (VBM) of Cu;N and
the position of the Fermi energy (E;) are also shown. B), C) UV/Vis
absorption spectra of Cu;N in cyclohexane and Cu;PdN in tetrachloro-
ethylene with their corresponding Tauc plots as an inset, respectively.
Indirect band gaps were determined from linear fitting to the low
energy region of the Tauc plots (shown in dotted green line).

Conclusion

In conclusion, we successfully optimized the synthesis of
Cu;N and Cu;PdN nanocrystals in order to obtain phase
pure, colloidally stable nanocrystals via modulating the
reaction parameters with a focus on the purification. We
provided experimental support for a precursor conversion
pathway that hypothesized ammonia as the active nitrogen
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source. We proposed that primary aldimine is the oxidation
product of the ligand (oleylamine), oxidized by both Cu",
and nitrate. Nucleophilic addition and elimination of a
second oleylamine molecule onto the primary aldimine
released ammonia, which subsequently reacted with Cu' to
form Cu;N and Cu;PdN. The surface of the nanocrystals was
capped by a mixture of oleylamine and oleate. The latter
was formed in situ from the further oxidation of aldimine.
The addition of palladium to copper nitride reduces the
optical band gap as well as the separation between the
valence band maximum (VBM) and Fermi energy Er.
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