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Abstract 

Cu3N and Cu3PdN nanocrystals are attractive materials with numerous applications ranging 

from optoelectronics to catalysis. However, their chemical formation mechanism and surface 

chemistry are unknown or contested. In this work, we first optimize the synthesis and 

purification to yield phase pure, colloidal stable Cu3N and Cu3PdN nanocubes. Second, we 

elucidate the precursor conversion mechanism that leads to the formation of Cu3N from 

copper(II) nitrate and oleylamine. We find that oleylamine is both the reductant and nitrogen 

source. Oleylamine is oxidized to a primary aldimine and the latter reacts further with 

oleylamine to a secondary aldimine, eliminating ammonia. Ammonia reacts with Cu(I) to form 

Cu3N. Third, we investigated the surface chemistry of the nanocrystals using solution NMR 

spectroscopy and X-ray photoelectron spectroscopy (XPS). We find a mixed ligand shell of 

aliphatic amines and carboxylates. The carboxylate is produced in situ during the synthesis. 

While the carboxylates appear tightly bound, the amines are easily desorbed from the surface. 

Finally, we analyze the optoelectronic properties by UV-Vis and XPS. Doping with palladium 

decreases the bandgap but the material remains a semiconductor. These results bring insight 

into the chemistry of metal nitrides and will help the development of other metal nitride 

nanocrystals.  
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Introduction 

Metal nitrides are a versatile class of materials with increasing interest.1-3 Copper nitride (Cu3N) 

specifically has garnered attention as an inexpensive, non-toxic material with potential 

applications in solar cells,4 high-density optical data storage,5 and electrocatalysis (oxygen 

evolution and CO2 reduction).6-8 Cu3N is a semiconductor with a calculated indirect bandgap 

of 1 eV and an anti-ReO3 cubic crystal structure.4, 9, 10 The body center position can be occupied 

by dopants (e.g., palladium) forming structures such as Cu3PdxN. Upon doping, the lattice 

constant increases,11, 12 and the electronic structure of the material is reported to change from 

semiconducting to (semi)-metallic. 13, 14 

Bulk Cu3N forms at relatively low temperature but decomposes at higher temperature (475°C) 

to metallic copper (under inert atmosphere) or copper oxide (in air). 5, 15 The first wet-chemical 

synthesis of bulk Cu3N powders were based on aminolysis or the solvothermal decomposition 

of copper azides.15-17 Ultra-small (2-4 nm) and colloidally stable nanocrystals of Cu3N have 

been synthesized from Cu(OMe)2 in benzylamine,
18

 or by aminolysis of Cu(I) in pyridine.19 

Larger colloidal Cu3N nanocubes have been obtained from copper nitrate and alkylamine, see 

Scheme 1.6, 8, 20-23 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.  

 

Scheme 1. The range of conditions reported for the synthesis of colloidal Cu3N nanocrystals. 

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 
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from its highest oxidation state in nitrate to its lowest oxidation state in nitride, and this process 

is presumably catalyzed by the amine ligand.22 Other authors assume that Cu(II) is first fully 

reduced to Cu(0) and subsequently reacts with dinitrogen (a possible decomposition product of 

the nitrate complex).24 However, 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 Cu3N nanocubes.8 

The surface chemistry of Cu3N 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 nanocrystals synthesis, leading to surprising surface 

chemistries.25, 26 Given the importance of surface chemistry for nanocrystal applications it is 

imperative to elucidate and control it.27 Amines typically bind to the nanocrystal surface as 

Lewis basic (L-type) ligands and feature an adsorption-desorption equilibrium that is often 

highly dynamic.28-30 However, in the case of copper based nanocrystals, amines have been 

observed to be tightly bound.31, 32 It is thus surprising that Cu3N nanocrystals have generally 

poor colloidal stability after purification. 

In this work, we aimed at elucidating the precursor conversion mechanism and surface 

chemistry of Cu3N (and Cu3PdN) nanocrystals, synthesized from copper nitrate (and palladium 

acetylacetonate). We first screened the different synthetic methods in the literature, and found 

the report of Vaughn et al. as the most reproducible.21, 33 We then explored the influence of 

different parameters on the reaction outcome, including the presence of water, temperature, 

time, etc. Having obtained the optimal conditions to form phase pure Cu3N nanocubes, we then 

redesigned the purification procedure to yield colloidally stable Cu3N nanocrystals. We 

uncovered the precursor conversion mechanism of the reaction. We found that nitrate and Cu(II) 

both oxidize alkylamine to a primary aldimine, forming also Cu(I). Condensation of the primary 

aldimine with a second equivalent alkylamine, yields a secondary aldimine and ammonia. The 
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latter is the active nitrogen precursor and reacts with Cu(I) to Cu3N. Finally, the surface of these 

Cu3N and Cu3PdN particles have been analyzed. X-ray photoelectron spectroscopy (XPS) and 

FTIR established the presence of carboxylate ligands on the surface, together with amine 

ligands. Advanced nuclear magnetic resonance (NMR) spectroscopy revealed the dynamics of 

ligands binding. These fundamental chemistry insights will enable the elucidation of formation 

mechanisms of other copper-based colloidal nanocrystals and other metal nitrides.  

Results and discussion 

Synthesis optimization. We decided to optimize the procedure reported by Vaughn et al. by 

exploring the influence of different parameters.21 First, we replaced 1-octadecene (the solvent) 

with hexadecane since we reported earlier that 1-octadecene polymerizes at 240 °C, 

contaminating the final nanocrystal product and complicating the purification.34 Concerning 

reaction temperature, crystalline Cu3N was formed between 220 °C and 260 °C (for 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 was purified and analyzed by transmission electron microscopy 

(TEM) to observe the nanocrystal growth throughout the reaction. At 240 °C, we observed both 

small dots and fully formed nanocubes up to 15 min 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 Cu3N. 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(0) was formed (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 
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contains water (an equivalent of 13 μL for a standard synthesis). We obtained identical Cu3N 

nanocrystals when the vacuum steps were omitted, or, when after applying vacuum 

(presumably removing water), again 13 μL of water was injected into the reaction mixture 

(Figures S4-S5). However, the same reaction in an open flask did not yield Cu3N (or any 

isolatable material), indicating that an important gaseous intermediate can escape from the 

reaction 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 Cu3N nanocrystals (Figure S6). Based on the above optimization, we arrived at 

the conditions in Scheme 2.  

 

Scheme 2. The conditions that lead most reproducibly to phase-pure Cu3N nanocrystals. 

Colloidal stability. After applying the reported precipitation-and-redispersion cycles (with 

ethanol and toluene),21 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 hypothesized that the ligands desorbed from the surface during the 

precipitation-and-redispersion cycles. The nature and volume of the solvent used for 

redispersion play an important role since they determine the position of the adsorption-

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.35 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. 

Considering the above points, we adapted the purification procedure. Various solvents (toluene, 
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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 

(5 mL).36 A 10 v% solution of distilled oleylamine 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 mg/mL) of oleylamine capped Cu3N nanocrystals, 

see Figure 1. From thermogravimetric analysis (TGA), we determined that the dried samples 

contained 29.2 w% organics (ligands) and the final Cu3N yield is 96 %.  

 

 

Figure 1. Photograph of Cu3N nanocrystals after regular (left) and optimized (right) purification.  

Copper palladium nitride (Cu3PdN) nanocrystals were also synthesized. The procedure was 

identical to that of Cu3N, except for the reaction temperature (240°C) and the addition of 0.33 

equivalents of Palladium(II) 2,4- pentadionate alongside the Cu(NO3)2. The doped nanocrystals 

were purified with the optimized purification method. The synthesis yielded black nanoparticles 

that were colloidally stable (13 mg/ mL). According to TGA, ligands make up 13.22 w% of the 

dried mass (assuming perfect Cu3PdN stoichiometry) and the Cu3PdN yield is 91 %. 

Structural analysis. The final dispersions of Cu3N and Cu3PdN nanocrystals were analyzed 

with TEM, XRD and dynamic light scattering (DLS) (Figure 2). According to TEM, the average 
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cube edge length is 13.5 nm (σ = 1.9 nm) for the Cu3N nanocubes and 10.2 nm (σ = 1.4 nm) 

for the Cu3PdN nanocrystals. The solvodynamic diameter obtained from DLS analysis were 17 

nm for Cu3N and 13 nm for Cu3PdN. 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 Cu3N (crystallite size = 9.0 ± 

1.7 nm), while they are broader for Cu3PdN (crystallite size = 4.5 ± 1.1 nm). Compared with 

the sizes obtained from TEM, it is clear that the Cu3PdN nanocrystals are polycrystalline. A 

real space refinement of the Pair Distribution Function further confirms the structure of Cu3N 

and Cu3PdN (Figure S7). 

 

Figure 2. TEM images of (A) Cu3N and (B) Cu3PdN. 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.  

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, 
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see Scheme 3. First, oleylamine is oxidized to a primary aldimine by nitrate. Nucleophilic 

addition of a second equivalent of oleylamine forms the more stable, secondary aldimine with 

the elimination of ammonia. Ammonia reacts with Cu(I) to Cu3N. The Cu(I) species was 

generated by reduction of Cu(II) by oleylamine upon heating. Cyclic voltammetry confirms a 

lower reduction potential of Cu(II) to Cu(I) upon addition of oleylamine (at room 

temperature).37 We hypothesize that the co-product of this Cu(II) reduction is the same primary 

aldimine as mentioned before.  

 

Scheme 3. Our proposed pathway for Cu3N formation. Precursors are shown in black, detected species 

in red, and hypothesized intermediates in blue. 

The copper precursor, Cu(NO3)2·3H2O, does not dissolve 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(II) coordinated by amines. 38, 39 

During the heat-up to 260 °C, the color of the solution changes from blue to yellow around 

185°C, indicating the reduction of Cu(II) to Cu(I). Concomitant with the color change, new 

resonances appear in the 1H NMR spectrum of the reaction mixture, see Figure 3. We assign 

these resonances to the secondary aldimine. Upon reaching the reaction temperature (240-

260°C), the reaction mixture turns black (indicating the formation of Cu3N), and we observe in 

the 1H NMR 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.  
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Figure 3. 1H NMR spectra of aliquots after degassing, at 190°C after the color change, 220°C, 240°C, 

260°C and at the end of the reaction. Aldimine formation is observed starting from the color change. 

The aldimine reference is shown for comparison.  

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 mg/L or 100 mg/L respectively (Figure S8). 

Given that the reaction is executed at a scale of 0.24 mmol Cu, and assuming that every nitrate 

(0.48 mmol) oxidizes one oleylamine molecule, this is the expected amount of ammonia (0.48 

mmol, 8 mg). 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 Cu3N in this 

experiment since we removed ammonia from the reaction mixture. This indicates that ammonia 

is essential in nitride formation.  
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We also quantified the small amount of aldimine (0.1 mmol) generated during the reduction of 

Cu(II) to Cu(I). 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(II) 

to Cu(I) is a one-electron process while the oxidation of primary amine to aldimine is a two-

electron process, see Scheme 4. The scheme 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 1H 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.  

 

Scheme 4. Redox half reactions and overall reaction for the reduction of Cu2+ by primary amines. 

Our proposed pathway requires a primary amine. To further test our hypothesis, we thus 

attempted the synthesis of Cu3N with dioctylamine and trioctylamine. As expected, the reaction 

did not produce Cu3N but Cu2O instead, see 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 directly oxidized to a secondary aldimine, without a primary 

aldimine intermediate (and thus without ammonia elimination) (Figure S9).  
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Figure 4. XRD spectra of the syntheses with different amines. The reference of bulk Cu3N (blue) and 

bulk Cu2O (green) are shown.  

We thus firmly established that nitrate is not the nitrogen source for Cu3N but rather oxidizes 

the amine to aldimine. Cu3PdN nanocrystal follows the same mechanism based on the formation 

of aldimine and ammonia during the reaction (Figure S10). The mechanism is reminiscent of 

the one for InN, where In3+ oxidizes primary amines into aldimine and nucleophilic attack of 

lithium oleylamide generates amide, NH2
−.40 However, an important difference is that for 

copper, an additional oxidant (nitrate) is required. The reduction of Cu2+ alone does not seem 

to generate sufficient ammonia to form copper nitride since other copper salts do not generate 

copper nitride.22 Or perhaps it generates ammonia at too low temperatures, where the formation 

of Cu3N is not yet favored. More detailed insight into the crystallization mechanism of Cu3N 

could shed light on this issue.  

Surface chemistry. X-ray photoelectron spectroscopy (XPS) was used to explore the surface 

chemistry. Survey spectra for both compounds (Figure S11) 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 2p3/2 core level (932.7±0.1 eV) is commensurate with the expected Cu(I) oxidation state for 
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both samples (Figure 5(A)). In addition, both samples show a shoulder towards the higher BE 

of the main peak (marked with an asterisk in Figure 5(A)) and in the Cu3PdN sample, a clear 

Cu(II) satellite is also visible. From peak fit analysis (Figure S12), the contribution of these 

additional chemical states relative to the main Cu(I) line is 12.3±0.5 rel.at.% for Cu3N and 

17.9±0.5 rel.at.% for Cu3PdN, respectively. The Pd 3d core level (Figure 5(B)) is only observed 

for the Cu3PdN sample. The BE of the Pd 3d5/2 component (335.5±0.1 eV) is commensurate 

with Pd(0) or Pd(I) with a spin-orbit-splitting of the doublet of 14.6 eV. In both samples, the N 

1s core level (Figure 5(C)) displays two contributions. The lower BE feature at 397.8±0.2 eV 

corresponds to metal-nitride and the higher BE feature at 399.6±0.2 eV corresponds to the 

expected oleylamine ligand, bound to the nanocrystal surface. The O 1s core level (Figure 5(D)) 

shows three discernible contributions from metal oxide, metal hydroxide, and carboxylate 

environments. Together with the Cu(II) 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-1, see 

Figure S13). Oleate is most likely formed by oxidation of oleylamine by nitrate, as we reported 

earlier in the synthesis of cerium oxide nanocrystals.26  
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Figure 5. XPS core level spectra of Cu3N and Cu3PdN, including (A) Cu 2p3/2, (B) Pd 3d, (C) O 1s and 

(D) N 1s. 

The 1H NMR spectra of Cu3N and Cu3PdN show the typical signature of an oleyl chain (Figure 

6). While the alkene resonance is reasonably sharp, the resonances close to the binding group 

are indistinguishable from the background. This broadening is likely due to fast T2 relaxation 

induced by copper.32 Based on the line width of the alkene resonance,41 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 μm2/s) determined by pulsed field gradient 

experiments on the Cu3N dispersion (Figure S14). For Cu3PdN, 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 μm2/s and the other one with D = 667 μm2/s (Figure 6 (B)). The small diffusion 

coefficient corresponds to a solvodynamic 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. 
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The larger diffusion constant corresponds most likely to oleylamine. We could only detect the 

tightly bound oleate in the Cu3PdN sample, but oleate is also present on the surface of Cu3N 

according to our XPS results, albeit to a lesser extent. Unfortunately, all signals appear more 

broadened in the Cu3N sample and the tightly bound oleate could not be detected. 

 

Figure 6. Nuclear magnetic resonance spectroscopy of the purified Cu3N and Cu3PdN NCs. 

(A) 1H-NMR of the NCs indicating the presence of oleyl chain. (B) Diffusion ordered NMR 

spectroscopy of the Cu3PdN NCs showing a slow and a fast diffusing species. 

 

Optoelectronic characteristics. In addition to the identification of the chemical states present 

in the samples, XPS was also used to probe the electronic structure of Cu3N and Cu3PdN by 

collecting valence band spectra. Figure 7(B) shows the valence band spectra of the two 

compounds, as well as the broadened and cross section weighted total density of states of Cu3N 

from density functional theory (DFT) calculations. The experimental and theoretical results for 
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Cu3N agree very well. The projected density of states calculations (Figure S15) show that the 

valence band of Cu3N 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 Cu3N is 

0.55±0.05 eV from the Fermi energy EF. In comparison, the valence spectrum of Cu3PdN shows 

additional intensity towards the EF from Pd states closing the VBM-EF 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 Cu3N thin films according to theoretical band structure calculations.4 To our 

knowledge, the type of optical band gap (direct or indirect) has not yet been reported for 

Cu3PdN. In this work, we assumed an indirect optical bandgap for both samples. A Tauc plot 

analysis resulted in an optical bandgap of 1.8 ± 0.1 eV and 0.9 ± 0.1 eV for our Cu3N and 

Cu3PdN NCs, respectively (Figure 7 (A)). The reduction in optical band gap is commensurate 

with the closing of the electronic VBM-EF separation observed in XPS. 

 

Figure 7: (A) UV-Vis absorption spectra of Cu3N and Cu3PdN and their corresponding Tauc plot as an 

inset. An indirect bandgap of 1.8 ± 0.1 eV and 0.9 ± 0.1 eV has been determined for Cu3N and Cu3PdN, 
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respectively. (B) Valence region of Cu3N and Cu3PdN, 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 Cu3N and the position of the Fermi energy 

(EF) are also shown. 

 

Conclusions 

In conclusion, we successfully optimized the synthesis of Cu3N and Cu3PdN 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 source. We proposed 

that primary aldimine is the oxidation product of the ligand (oleylamine), oxidized by both 

Cu(II), and nitrate. Nucleophilic addition and elimination of a second oleylamine molecule onto 

the primary aldimine released ammonia, which subsequently reacted with Cu(I) to form Cu3N 

and Cu3PdN. 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 EF. 
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Experimental section 

Materials. For the standard copper nitride and copper palladium doped nitride nanoparticles, 

copper nitrate (Cu(NO3)2·3H2O, STREM Chemicals, 99.5 %) and distilled oleylamine 

(C18H35NH2, Sigma-Adrich, 70 %) were used as precursors in hexadecane (C16H34, Sigma 

Aldrich 99 %). Palladium(II) 2,4- pentadionate (C10H14O4Pd, Alfa Aesar, Pd 34.7 %) was used 

for doping. For the mechanistic investigations, various precursors were used: copper chloride 

(CuCl2·2 H2O, Sigma-Adrich, ≥99.0%), dioctylamine (CH3(CH2)7NH-(CH2)7CH3), Sigma-

Aldrich, 97 %), trioctylamine ((CH3(CH2)7)3N, Sigma-Aldrich, 98 %). For the aldimine 

synthesis, lauric aldehyde (CH3(CH2)10CHO, Sigma-Aldrich, ≥ 95 %) was used. Cyclohexane, 

absolute ethanol and acetone were used for the purification step. Deuterated chloroform 

(CDCl3, 98 %) was used for NMR study. 

Synthesis of Cu3N. The synthesis for Cu3N nanocrystals was adapted from the literature. 

Copper nitrate (0.24 mmol, 60 mg, 1 eq) was dissolved in 7.5 mL of hexadecane in a three-neck 

flask and stirred. Distilled oleylamine (7.57 mmol, 2.5 mL, 31 eq) was added and the mixture 

was degassed for 30 minutes at 50 °C. Under argon, the temperature was increased to 260 °C 

at a rate of 10 °C per minute. The mixture was left to react for 15 minutes. The flask was then 

removed from the heating mantle and left to cool to room temperature over the course of an 

hour. The 10 mL solution of nanoparticles were transferred to centrifuge tubes. A total of 15 

mL of acetone was added and the particles were centrifuged at 5 000 rpm for 3 minutes. The 

supernatant was removed and the particles were redispersed in 4 mL of cyclohexane. A 10% 

by volume stock solution (SS) of purified oleylamine in cyclohexane was prepared. Oleylamine 

(1 mL SS) was added to the redispersed particles, so the total redispersion volume was 5 mL. 

The particles were placed in the ultrasonic bath until fully redispersed. The particles were 

washed once more with acetone (15 mL) and this time redispersed in 3 mL of cyclohexane. 2 

mL of the oleylamine SS was added, so the volume was still 5 mL. The particles were placed 
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in the ultrasonic bath. 15 mL of ethanol was added for a final wash and the particles were 

centrifuged at 8’000 rpm for 10 minutes. The supernatant was removed, and the particles were 

redispersed in 2 mL of cyclohexane. 

Synthesis of Cu3PdN. The synthesis for Cu3PdN nanocrystals was adapted from the literature. 

Copper nitrate (0.24 mmol, 60 mg, 1 eq) was dissolved in 7.5 mL of hexadecane in a three-neck 

flask and stirred. Palladium(II) 2,4- pentadionate (0.08 mmol, 25.2 mg, 0.33 eq) was added and 

stirred. Distilled oleylamine (7.57 mmol, 2.5 mL, 31 eq) was added and the mixture was 

degassed for 30 minutes at 50 °C. Under argon, the temperature was increased to 240°C at a 

rate of 10°C per minute. The mixture was left to react for 15 minutes. The flask was removed 

from the heating mantle and left to cool to room temperature over the course of an hour. The 

nanocrystals were purified as described previously. However, contrary to the Cu3N 

nanoparticles, the final centrifugation after the ethanol wash required 10 - 15 minutes at 10,000 

rpm to precipitate the nanoparticles.  

Synchrotron X-ray total scattering experiments. Samples were prepared in 1mm polyamide 

kapton tube. The samples were measured at beamline P21.1 at DESY in Hamburg, Germany. 

X-ray total scattering data were collected at room temperature in rapid acquisition mode, using 

a Perkin Elmer digital X-ray flat panel amorphous silicon detector (2048 × 2048 pixels and 200 

× 200 μm pixel size) with a sample-to-detector distance of 380 mm. The incident wavelength 

of the X-rays was λ = 0.1220 Å (101.62 keV). Calibration of the experimental setup was 

performed using a Ni standard. 

Raw 2D data were corrected for geometrical effects and polarization, then azimuthally 

integrated to produce 1D scattering intensities versus the magnitude of the momentum transfer 

Q (where Q = 4π sin θ/λ for elastic scattering) using pyFAI and xpdtools.42, 43 The program 

xPDFsuite with PDFgetX3 was used to perform the background subtraction, further corrections, 

and normalization to obtain the reduced total scattering structure function F(Q), and Fourier 
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transformation to obtain the pair distribution function (PDF), G(r).44, 45 For data reduction, the 

following parameters were used after proper background subtraction: Qmin = 0.8 Å-1, Qmax = 19 

Å-1, Rpoly = 0.9 Å. Modeling and fitting were carried out using Diffpy-CMI or PDFgui.46, 47 

XPS and DFT. X-ray photoelectron spectroscopy (XPS) measurements were performed on a 

Thermo Scientific K-Alpha spectrometer with a monochromated microfocused Al Kα X-ray 

source (hυ = 1486.7 eV) and a spot size of 400 µm. The X-ray source was operated at 6 mA 

emission current and 12 kV anode bias and a flood gun was used for charge compensation. A 

pass energy of 20 eV was used for all core level and valence spectra. The Thermo Scientific 

Avantage software package was used for all data analysis. All XPS core level spectra were 

normalized to the peak height of the main feature in the Cu 2p3/2 spectra. 

The details of the density functional theory (DFT) calculations for Cu3N, including density of 

states, have been previously reported.4, 48 49 50  To enable the direct comparison of the theory 

with the experimental valence spectra, the calculated projected density of states (PDOS) was 

broadened with a Gaussian to match the experimental broadening of 600 meV. The PDOS was 

weighted by one-electron photoionisation cross sections for the respective orbitals of Cu and N 

using the Galore software package, based on Scofield cross section values. 51-53 

NMR measurements. NMR measurements were recorded at 298K on Bruker UltraShield 500 

MHz spectrometer or a 600 MHz Bruker Avance III spectrometer. Regular 1H NMR 

measurement were acquired with a 30 degree pulse with a recycle delay of 1.5 sec. Quantitative 

1H NMR measurements were acquired with a 90 degree pulse, 64k data points, 20 ppm spectral 

width, and a recycle delay of 30 sec. DOSY measurements were performed with a double 

stimulated echo and bipolar gradient pulses (dstebpgp2s). The gradient strength was varied 

quadratically from 2-95% of the probe’s maximum value in 16 or 64  steps. The gradient pulse 

duration and diffusion delay were optimized to ensure a final attenuation of the signal in the 
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final increment of less than 10% relative to the first increment. The diffusion coefficients were 

obtained by fitting a modified Stejskal-Tanner equation to the signal intensity decay:  

I =  I0𝑒−(γδg)² D(Δ −0.6δ) 

I are the signal intensities, D are the linear diffusion coefficients, γ is the gyromagnetic ratio of 

the studied nucleus, g is the gradient strength, δ is the pulsed field gradient duration and Δ is 

the diffusion delay. A correction factor of 0.6 is applied for δ due to the smoothed squared pulse 

shape used for the gradient pulses.54 

Other instrumentation. TEM imaging was done using a JEOL JEM2800 field emission gun 

microscope operated at 200 kV equipped with a TVIPS XF416ES TEM camera. DLS 

measurements were conducted on a Malvern Zetasizer Ultra in backscattering mode (173°) in 

a glass cuvette. All measurements were performed at 25°C after equilibrating inside the system 

for 240 seconds, sample concentration was tuned to achieve system attenuator values between 

9-10. UV-VIS spectra were recorded on a PerkinElmer Lambda 365. FTIR spectra were 

recorded on a Perkin Elmer Spectrum Two spectrometer (attenuated total reflection, ATR). 
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