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Synthetic Methods 

Materials 

Copper(I) acetate (Cu(OAc), 98%), tri-n-octylamine (TOA, technical grade, 98%), oleic acid 

(OLAC, technical grade, 90%), tetradecylphosphonic acid (TDPA, 97%), octane (OT, 

anhydrous, ≥99%), toluene-d8 (Tol-d8, 99.5 atom % D), isopropanol (IPA, anhydrous, 99.5%) 

ethanol (EtOH, anhydrous, 95%), hydrogen peroxide (H2O2, 30 % (w/w) in H2O, contains 

stabilizer) were purchased from Sigma Aldrich. Hexane (anhydrous, >96%) was purchased 

from TCI Deutschland GmbH and trimethylaluminum (TMA, 98%) was purchased from 

Strem. Potassium carbonate (K2CO3, 99+ %, ACS reagent) was obtained from Acros organics. 

OLAC was degassed by stirring under dynamic at 130°C during a 1-hour vacuum before 

storing in an N2-filled glove box. 

Methods 

General consideration: 

All syntheses and manipulations of Cu NCs were performed under a dry N2 atmosphere, using 

Schlenk-line techniques or a glove box. Anhydrous organic solvents were used for the 

manipulation, analysis and storage of Cu NCs. All volumes below 20mL were measured and 

dispensed using Eppendorf microliter pipettes. All glassware were stored in oven at 110ºC to 

minimize air/moisture contamination. 

Synthesis of copper nanocrystals (Cu NCs):  

Cu NCs were synthesized following a protocol adapted from Huang et al.1 In a typical 

synthesis, tri-n-octylamine (20 mL) was introduced in a 50mL three-necked round bottom flask 

and then degassed under dynamic vacuum at 130ºC for 1 hour while stirring. The flask was 

then refilled with N2 gas and cooled to 50ºC. Tetradecyl-phosphonic acid (270 mg, 1 mmol) 

and copper(I) acetate (245 mg, 2 mmol) were added to the flask as a powder, forming a green, 

cloudy mixture. The mixture was heated to 180°C and held for 30 minutes, during which the 

mixture turned light brown. After 30 minutes, the mixture was rapidly heated to 270°C, quickly 

forming a dark red mixture. After 30 minutes at 270°C, the dark red colloidal suspension was 

allowed to cool down to room temperature by removing the heating mantle. Then, the reaction 

mixture was transferred into 40 mL glass vials with a septum filled with N2 via a 20 mL plastic 

syringe. To each 5 mL portion of the crude reaction mixture, hexane (5 mL) and ethanol (15 

mL) were added. The particles were isolated by centrifugation at 13500 rpm for 8 minutes, and 



5 
 

the supernatant was discarded. The particles were then washed using hexane (5 mL) and 

ethanol (15 mL) and again isolated after centrifugation. Finally, the particles were redispersed 

and combined into a single suspension using 10 mL octane and were stored in an N2-filled 

glovebox. From ICP-OES a typical concentration was around 10-15 mg/mL of Cu. 

Surface treatment with hydrogen peroxide (Cu(H2O2) NCs):  

50 μL of H2O2 (30 % (w/w) in H2O (10 mol.L-1) were introduced in a 20 mL glass. The glass 

vial was closed with a septum cap and flushed with N2 for 5 min. In the glovebox, EtOH (10mL, 

anhydrous) was added to the vial to obtain a solution of 0.05 mol.L-1 of H2O2. A diluted 

suspension of Cu NCs (6.75 mg of Cu NCs, 0.75 μmol.L-1 of NCs) in octane (9mL, anhydrous) 

was prepared in a second 20 mL glass vial equipped with a stirrer bar. While stirring the as-

prepared Cu NCs suspension, 313 μL of H2O2 were added. The reaction mixture was stirred 

for 15 min in the glovebox. The particles were then transferred in a 50 mL centrifuge tube with 

EtOH (20 mL) isolated by centrifugation at 13500 rpm for 8 min. Finally, the particles were 

redispersed in 1-2 mL of octane and stored in the glovebox. The Cu(H2O2) NCs were observed 

to remain colloidally stable for months with a stable position of the plasmon resonance peak in 

the UV-Vis spectrum. 

Colloidal Atomic Layer Deposition:  

The following steps were performed in the glovebox: 

An initial stock solution of trimethyl-aluminum (TMA) was prepared in a 4 mL glass vial by 

diluting pure TMA (200 μL, 5.2 mol.L-1) in octane (600 μL, anhydrous) to reach a 

concentration of 2.6 mol.L-1 of TMA. Successive dilutions were performed to obtain 3.3 

mmol.L-1, 0.4 mmol.L-1 and 80 μmol.L-1solutions of TMA. 

A 9 mL suspension of Cu(H2O2) NCs was prepared in a 20 mL glass vial with a stir bar and a 

septum cap, by diluting Cu(H2O2) NCs stock suspension (340μg) in octane to reach a 

concentration of 0.6 mmol.L-1 of copper. 

Stock solutions of isopropanol (IPA) and oleic acid (OLAC) diluted in octane were prepared 

with concentrations of 0.8 mmol.L-1 and 2.5 mmol.L-1 respectively. 

The following steps were performed outside the glove box with vials connected to N2 line from 

the Schlenk line: 
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A gas-tight glass syringe (S.G.E. Gas Tight Luer Lock Syringe 5mL) with a stainless steel 304 

syringe from Sigma Aldrich was first charged with 2 mL of 2.6 mol.L-1 TMA to scavenge 

residual impurities. The syringe was charged at 0.5 mL.min-1 using a syringe pump. The 

syringe was discharged manually to remove residual air bubbles. The syringe was then rinsed 

with 2 mL of 80 μmol.L-1 solutions of TMA (0.5 mL.min-1) and still discharged manually. The 

syringe was finally refilled with 2 mL of 80 μmol.L-1 solutions of TMA.  

The general protocol of c-ALD proceeds as follows. The suspension of diluted Cu(H2O2) NCs 

was stirred gently under N2. The first cycle consists of drop-wise (1 mL.hr-1) addition of 200 

μL of 80 μmol.L-1solution of TMA. The injection of TMA is followed by a 5 min delay to 

allow complete reaction before injecting 10 μL of IPA 0.8 mmol.L-1 diluted with 90μL of 

octane with a 1 mL plastic syringe. The reaction is left to proceed for 5 minutes before starting 

the new addition of 200 μL of 80 μmol.L-1solution of TMA. Once the TMA injection is 

completed and after 5 min waiting time, 10 μL of 2.5 mmol.L-1 OLAC diluted with an 

additional 90 μL of octane is injected.. At the end of the two cycles, the obtained suspension 

(Cu@AlOxn=2) should remain stable with no aggregates suspended or attached to the stir bar. 

If not, the volume of injected TMA needs to be optimized, specifically it should be decreased 

in steps of 25 μL in each test. The following cycles consist of alternating injections of 150uL 

of 0.4 mmol.L-1 TMA and 80 μL of 0.8 mmol.L-1 IPA diluted with 80μL of octane. Every three 

cycles, the IPA is replaced by 50 μL of 2.5 mmol.L-1 OLAC diluted with an additional 50 μL 

of octane. The shell thickness can be tuned by the number of cycles. The growth per cycle can 

be increased by injecting a bigger volume of TMA (e.g. 0.4 mmol.L-1). 

The exact same steps were undertaken for Cu/AlOx with the difference of performing the c-

ALD with 3.3 mmol.L-1 TMA for every injection. 5-6 cycles were usually performed to ensure 

that all the spheres were supported on alumina. 
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Additional Instrumentation 

Nuclear magnetic resonance spectroscopy (NMR). Solution NMR measurements were 

recorded on a Bruker Avance III HD 400 MHz 9.4 T spectrometer equipped with a BBFO 

liquid probe. One-dimensional (1D) 1H spectra were acquired using a standard pulse sequence 

from the Bruker library. 

X-ray photoelectron spectra (XPS) were recorded using an Axis Supra (Kratos Analytical) 

instrument, using the monochromated Kα X-ray line of an Al anode. The pass energy was set 

to 20 eV with a step size of 0.1 eV. The samples were electrically insulated from the sample 

holder and charges were compensated. Spectra were referenced at 284.8 eV using the C–C 

bound of the C 1s orbital. Cu NCs samples were prepared by drop-casting nanocrystal films 

onto clean Si substrates. 

Electrochemical setup:  

Electrochemical measurements were performed using a Biologic SP-300 potentiostat. Ambient 

pressure CO2 electrolysis was carried out in a custom-made gas-tight electrochemical cell made 

of polycarbonate and fitted with Buna-N O-rings. The configuration of the electrochemical cell 

was such that the working electrode sat parallel with respect to the counter electrode to ensure 

a uniform potential distribution across the surface. The geometric surface area for both of the 

electrodes was 1.33 cm2. A Selemion AMV anion exchange membrane was used to separate 

the anodic and cathodic compartments. Each of the compartments in this cell contained a small 

volume of electrolyte (2 mL each) to concentrate liquid products and therefore increase 

detection limits. 0.1 mol.L-1 KHCO3 solution was used as electrolyte. To make such a solution, 

a 0.05 mol.L-1 K2CO3 solution was bubbled for 30 min with CO2. Before CO2 electrolysis was 

conducted, the electrolyte in the cathodic compartment was purged with CO2 for at least 15 

min. During electrolysis, CO2 was constantly flowed through the electrolyte at a flow rate of 5 

sccm to prevent depletion of CO2 in the electrolyte and to allow continuous analysis of gaseous 

products via a gas chromatograph. The flow rate of CO2 was controlled with a mass flow 

controller (Bronkhorst), and the gas was first humidified with water by passing it through a 

bubbler to minimize evaporation of electrolyte. Platinum foil was used as the counter electrode 

and Ag/AgCl electrode (leak free series) from Innovative Instruments, Inc. was used as the 

reference. Voltages were converted to the RHE scale by using a calibrated reference electrode 

(equation 1). 

𝐸(V	vs	RHE)= 𝐸(ref) + 0.206 + 0.0591 × 𝑝𝐻 − (𝑅cell × 𝐼) 
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where 𝐸(ref) is the recorded potential against the Ag/AgCl reference electrode (V); +0.206 V 

is the Ag/AgCl reference electrode correction; 𝑅cell is the ohmic resistance between the working 

and the reference electrode, which was defined using electrochemical impedance spectroscopy 

(EIS) analysis prior to the measurement (Ohm); 𝐼 is the imposed current (A). For all values, 

error bars, representing standard deviations obtained with triplicate measurements, are given. 
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Figure S1. Surface characterization of as-synthesized 7 nm spherical Cu NCs. a, 

Representative TEM of as-synthesized Cu NCs together with b, their size distribution bar 

graph, obtained by measuring >500 nanocrystals in the TEM images using Fiji software and 

fitting lognormal distribution. c, FT-IR spectrum of the same sample together with TOA and 

TDPA spectrum. The blue, orange and green regions highlight the ν(Csp3-H), ν(PO32-), ν(C-N) 

and ν(Cu-N) broad signals, respectively. d, Auger spectrum of Cu LMM region of Cu NCs. e, 
31P{1H} NMR spectra of Cu NCs, measured in toluene-d8. 

Figure S1a,b show a representative Transmission Electron Microscopy (TEM) image with the 

corresponding size distribution of Cu NCs, which is 7.1±0.4 nm. As emphasized by Loiudice 

et al. and Segura Lecina et al., the native surface chemistry of the NCs plays a pivotal role in 

the growth of metal-oxide shells by c-ALD .2–4 

Fourier transform infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS) 

were performed to decipher the nature of the capping agent and the oxidation state of copper 

on the surface of the Cu NCs. Figure S1c reports the FT-IR spectrum of the Cu NCs. The 

region between 3000 – 2750 cm-1, highlighted in blue, corresponds to the antisymmetric and 

symmetric stretching mode of the carbon hybridized Csp3 (ν(Csp3-H), CH3, s-CH2 and as-CH2) 

from the alkyl chains contained in both, TOA and TDPA.5 The band at 1468 cm-1 is 

characteristic of the CH2 bending mode (δ(CH2)) and the CH3 out of plane bending mode, 

(δ(CH3) o. ph.) again, contained in both ligands.6 The broad and intense band at 985 cm-1 with 

a shoulder at 1092 cm-1 highlighted in orange can be respectively attributed to the PO32- 

stretching modes (ν(PO32-)), indicative of tridentate coordinated of TDPA on the NCs surface, 

and the shoulder to the C-N stretching mode (ν(C-N)) from TOA.6,7 Additionally, the two bands 
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at 785 and 720 cm-1 are attributed to the asymmetric and symmetric P-C stretching mode (ν(P-

C)).7 Finally, the broad and intense band at 580 cm-1 is indicative of the stretching mode of the 

copper-nitrogen bond (ν(Cu-N)), from bounded TOA to the Cu NCs surface.8,9 From the FT-

IR spectrum, we conclude that the as-synthesized Cu NCs are capped by both TOA and TDPA. 

However, a quantification of the two ligands is not possible by FT-IR as the peak intensities 

depend not only on the amount but also on the strength of the dipolar moment of the bond. 

Understanding the proportion of ligands and the type of bonding between them and the surface 

is of particular importance as one of them (i.e. TDPA) can potentially act as anchoring points 

for the nucleation of the shell, while the other (i.e. TOA) cannot.  

XPS indicates that Cu NCs have a metallic surface with no detected trace of Cu+ or Cu2+ as 

shown by the Cu LMM region with a characteristic multiplicity of metallic copper in Figure 

S1d.10,11 Accordingly, TDPA is most likely electrostatically bound on the surface, rather than 

covalently, and/or is only present in minor quantities. Indeed, some oxidation of Cu would be 

detected to the presence of Cu+/2+ – O – P bonds if TDPA was covalently bound. Additionally, 

no signal was detected in the 31P NMR of Cu NCs (Figure S1e), which indicates that TDPA is 

not present in significant amount and with labile bonds on the surface of the Cu NCs. Therefore, 

TDPA cannot fulfil the role of anchoring point for the nucleation of the shell. Furthermore, no 

nucleation of TMA can occur directly on copper surfaces12 and no reaction is foreseen between 

TOA and TMA. As a matter of fact, attempts to perform c-ALD on as-synthesized Cu NCs 

were unsuccessful. 

Having learned that, it became clear that the surface chemistry of the as-synthesized Cu NCs 

needed to be modified to enable the nucleation and growth of alumina. An oxygen-containing 

group had to be introduced on the surface to provide anchoring points for the organometallic 

precursor used during c-ALD. In that sense, Gharachorlou et al. have demonstrated that an 

oxide layer was necessary to grow alumina on copper foil by gas-phase ALD.12 The growth of 

metal-oxide shells on metallic NCs by sol-gel approaches has also been possible only after 

tuning the surface of the NCs to interact with the metal-oxide precursors by introducing 

hydroxyl groups on the surface.13,14 Thus, a surface treatment with H2O2 was performed on the 

as-synthesized Cu NCs. 

 

  



11 
 

 

Figure S2. Surface characterization of Cu(H2O2) a, Simulation of the evolution of LSPR 

peak as a function of the CuO shell thickness. b, UV-VIS spectra of Cu NCs and Cu(H2O2). c, 

XPS spectra of Cu LMM region together with the fit. d, FT-IR spectra. The blue and green 

regions highlight the ν(O-H) and ν(Cu-O) and ν(Cu-N) broad signals, respectively. e, and f, 

TEM images of Cu(H2O2) (e) with corresponding size distribution (f) obtained by measuring 

>500 nanocrystals in the TEM images using Fiji software and fitting lognormal distribution. 

 

Assuming 7 nm Cu NCs and a refractive index of of copper oxide of 2.6 (CuO and Cu2O 

having similar refractive index), simulations were conducted to correlate the shift of the 
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localized surface plasmon resonance (LSPR) peak of Cu NCs with the thickness of the copper 

oxide shell formed, as reported in Figure S2a.15,16 According to this simulation the formation 

of an atomic layer of copper oxide around the Cu NCs ca 0.2 nm corresponds to a shift in the 

plasmon resonance peak of around 20 nm. Therefore, an optimized amount of H2O2 was 

introduced in the Cu NCs to target a shift of around 20 nm, shifting from an initial LSPR peak 

at 556 nm to 574 nm (Figure S2b). These modified NCs will be referred as to Cu(H2O2) NCs. 

The UV-Vis spectrum of Cu(H2O2) NCs 24 hours after the treatment (red stars) shows no 

differences with the initial spectra of Cu(H2O2) NCs, thus indicating that Cu(H2O2) NCs remain 

stable after the oxidative treatment, which is consistent with the self-limiting nature of the 

copper oxide.1 The nature of the copper oxide formed after H2O2 treatment was investigated 

using the Cu LMM Auger spectrum from XPS together with FT-IR (Figure S2c,d). Curve 

fitting of the spectrum revealed a composition corresponding to 46% Cu metal, 36% of 

Cu(OH)2, 17% of Cu2O and 0% of CuO (Figure S2c).10 Additionally, the FT-IR spectra 

comparison between Cu NCs (black) and Cu(H2O2) NCs (blue) corroborate the presence of 

Cu(OH)2 with the appearance of an intense gaussian peak at around 3400 cm-1 characteristics 

of the hydroxyl stretching mode (ν(O-H)), highlighted in blue and of an intense sharp peak at 

637 cm-1 indicative of Cu-O stretching mode (ν(Cu-O)) while the shoulder at 585 cm-1 

corresponds to Cu-N stretching mode (ν(Cu-N)), highlighted in green (Figure S2d). 

Altogether, these surface analyses confirmed that the treatment with H2O2 forms an ultrathin 

layer containing hydroxyl groups on the Cu NCs surface and that the Cu(H2O2) NCs retain 

their metallic behaviour and does not alter the native ligands (TOA, TDPA). Additionally, 

TEM confirms that the Cu(H2O2) remain well spherical with identic size as the as-synthesized 

Cu NCs (Figure S2e,f). 
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Figure S3. Change in LSPR of c-ALD grown AlOx using O2 versus IPA as oxygen source 

on Cu NCs and referred to as Cu@AlOxn=17 – O2 and Cu@AlOxn=17 – IPA. 

Figure S3 evidences that the use of O2 gas as oxygen source for the c-ALD, as done in previous 

publications2-4, fully oxidize the as-synthesized Cu NCs to Cu2O NCs, which is indicated by 

the loss of the plasmonic feature in the UV-VIS. Switching from O2 to a less  oxidizing reagent 

as the oxygen source, in this case isopropanol, allowed us to preserve the metallic feature of 

Cu while creating surface hydroxides needed to anchor the alumina shell on the surface. 
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Figure S4. Optimization of c-ALD first cycles to grow an AlOx shell on Cu NCs. a, 

Representative bright field TEM image (left panel) of Cu/AlOx metal/metal oxide support (top) 

and of Cu@AlOx core@shell (bottom) obtained depending on the synthetic parameters used 

during c-ALD with the corresponding DLS (right panel). b, Schematic representation of the 

coating morphology of the Cu|AlOx interface as a function of the synthetic parameters used. 

The outcome of the c-ALD can be tuned between Cu/AlOx metal/support structures or 

Cu@AlOx core@shell NCs (Figure S8A). The synthetic parameters which account for 

switching from one to the other morphology are the ratio between the concentration of TMA 

and the concentration of the Cu(H2O2) NCs and the number of TMA equivalents injected in 

the solution (which is referred to in the graph as Cusurf/TMA where Cusurf is the number of Cu 

atoms on the NC surface). Figure S8B evidences that the c-ALD should be operated with both 

synthetic parameters in their lower range to form a solely core@shell population.  

We explain this result as it follows. The binding of TMA molecules on the surface (via protic 

exchange with surface hydroxyl) competes with the native ligands. A careful balance needs to 

be established during the nucleation between the anchoring of TMA on the surface of the 

Cu(H2O2) NCs and the stripping of the native ligands, because the latter would cause loss of 

the colloidal stability and precipiation. The Cu/AlOx metal/support structures are obtained 

when this balance is not fulfilled and the colloidal stability is lost. Both concentrations of TMA 

and NCs also affect the conservation of the colloidal stability. A “diluted system” is needed to 

ensure the homogenous distribution of added TMA around each NC and prevent the 

encapsulation of more NCs in a single shell (for example).  
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During the growth, the delicate balance between adding enough TMA to grow the shell while 

preserving colloidal stability is achieved by adding oxygen-containing ligands such as oleic 

acid that preserve the colloidal stability while serving as anchoring points for TMA as 

previously demonstrated by Segura Lecina et al.4 
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Figure S5. Bright Field TEM images of Cu@AlOxn=17 with corresponding size 

distribution. 

The low contrast of the hybrid AlOx shell does not allow to evaluate the shell thickness, thus 

only the Cu core contributes to the size measurament. 
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Figure S6. HAADF-STEM characterization of Cu@AlOxn=17 NCs Lower and higher 

magnification HAADF-STEM images together with EDX color map together with EDX 

spectrum of area with (1) and without (2) Cu signal showing spatial colocation of Al signal. 
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Figure S7. Full-range FT-IR spectra of the as-synthesized Cu NCs (grey), Cu(H2O2) NCs (red) 

and Cu@AlOxn=x with n = 2, 8, 17 and 30 (blue) with AlOx characteristic bands highlighted in 

yellow, νas(COO-) and νs(COO-) indicated by dash lines and the stretching (ν(Csp2-H)) and 

bending (δ(Csp2-H, cis) modes of the alkene moieties contain in OLAC, added during c-ALD, 

highlighted in grey. 

The data in Figure S7 show that new bands at 1260, 1095, 1025 and 800 cm-1arise as soon as 

the c-ALD process starts already in Cu@AlOxn=2. These bands are attributed to δ(O-H), δs(Al-
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OH), δas(Al-OH) and ν(AlO4), respectively. Additionally, three sharp bands at 3360, 3316 and 

3192 cm-1 emerge in the hydroxyl stretching region and these bands become more and more 

well defined as the shell grow. The position of these hydroxyls matches well with the boehmite 

AlOOH structure, as referenced in the main text.17 Indeed, the other structures of alumina 

display hydroxyl stretching bands around 3700 cm-1. Interestingly, the boehmite structure is 

generally defined as edge shared octahedra coordinated Al3+ (AlO6) with a ν(AlO6) at 600 cm-

1. This feature is observed in the alumina obtained by reacting TMA with IPA or with OLAC 

as well as in the Cu/AlOx supported structure (Fig. S18). In contrast, the FT-IR of the 

Cu@AlOx NCs suggest the growth of an amorphous/boehmite-like alumina structure 

dominated by AlO4. These structural peculiarities reveal that c-ALD generates a specific and 

unique structure of alumina around the Cu NCs which deserves future investigation to be fully 

elucidated.  

In addition to the inorganic contribution from the shell, new bands from the OLAC added 

during the shell growth are observed. The stretching (ν(Csp2-H)) and bending (δ(Csp2-H, cis) 

modes of the alkene moieties emerge along with the two bands at 1566 and 1416 cm-1 which 

correspond to νas(COO-) and νs(COO-), respectively. The spacing of 150 cm-1 between the two 

bands corresponds to a bridging coordination mode to the alumina, thus confirming that the 

ligands are entrapped into the alumina matrix conferring the hybrid organic/inorganic nature 

of the coating. 
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Figure S8. XPS Spectra of Cu 3s/Al 2s region (black) with their respective fits in red and blue 

and the corresponding envelope (green) and residues (light grey) from the fit, of Cu(H2O2) and 

Cu@AlOxn=x for n=2, 8, 17 and 30. Cu 3s/Al 2s region was selected as region of interest as it 

is the only region which minimize the overlap between Al and Cu.  
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Table S1. Detailed XPS peak analysis data from XPS Spectra of Cu 3s/Al 2s region for 

Cu(H2O2) and Cu@AlOxn=x for n=2, 8, 17 and 30. 

Sample Region Binding Energy 
(eV) 

FWHM 
(eV) Area Areas ratio 

(%) 

Cu(H2O2) 
Cu 3s 122.44 2.92 6398 100 
Al 2s \ \ \ \ 

Cu@AlOxn=2 
Cu 3s 122.56 2.7 2674 52 
Al 2s 116.58 6.25 2427 48 

Cu@AlOxn=8 Cu 3s 122.55 2.57 4244 44 
Al 2s 116.54 6.68 5302 55 

Cu@AlOxn=17 
Cu 3s 122.53 2.79 2008 35 
Al 2s 116.27 6.88 3653 65 

Cu@AlOxn=30 
Cu 3s 122.46 2.92 2230 30 
Al 2s 117.07 7.00 4989 70 

 

Raw XPS data were fitted using iterated Shirley background subtraction and the position of the 

C-C bond at core-level C 1s was used to reference the spectra at 284.8 eV. Cu 3s regions were 

fitted with GL(70) and Al 2s with GL(20) from CasaXPS as metal have an higher Lorentzian 

contribution.10,11,18 The Cu 3s region displays the expected values for all samples. Instead, the 

Al 2s region of all samples shows a particularly large FWHM (>4eV) which indicates the 

presence of different coordination environments of Al3+, which is in line with the FT-IR data 

indicating an amorphous/boehmite structure. Indeed, the overlapping of different Al3+ signals 

(AlIV, AlV and AlVI coordination) generate line broadening.19 
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Figure S9. DLS characterization. A. DLS curves in intensity as function as the number of c-

ALD cycles. B. Shell thickness extracted from DLS curve via a lognormal fitted model with 

and without OLAC contribution 

Figure S9 displays the DLS curves obtained for Cu@AlOx at different cycles (A) and the shell 

thickness extracted as function of the number of c-ALD cycles (B). We provide two different 

values for the shell thickness, one which includes the contribution of OLAC added during the 

c-ALD and one where around 1 nm was subtracted to account for the presence of the OLAC 

molecule and to get a more representative thickness of the alumina coating itself.  
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Supplementary Note 1: 

Considering spherical Cu NCs, the volume (Vsphere) and surface (Asphere) of a single Cu sphere 

are: 

𝑉!"#$%$ =	
4
3 × 𝜋 × 5

𝑑
28

&

 (1) 

𝑆!"#$%$ = 	4 × 𝜋 × 5
𝑑
28

'

 (2) 

 

With d being the average diameter of the spherical Cu NCs, obtained by TEM. The substitution 

of d= 7 nm gives: 

𝑉!"#$%$ =	
4
3 × 𝜋 × 5

7
28

&

 

≈ 180	𝑛𝑚& 
(3) 

𝐴!"#$%$ = 	4 × 𝜋 × 5
7
28

'

 

≈ 155	𝑛𝑚' 
(4) 

 

Cu possess a FCC structure with a lattice constant (a) of 3.62Å and 2 atoms for each surface of 

the unit cell20, it gives a surface density of atoms (δCu) of20: 

𝛿() =
2
𝑎'	 

≈ 15	𝑎𝑡𝑜𝑚𝑠. 𝑛𝑚*' 

(5) 

 

Consequently, the number of Cu atoms on the surface of the Cu NCs (NS,Cu) can be 

approximated to: 

𝑁+,() = 𝐴!"#$%$ × 𝛿() 

= 	155 × 15	 

≈ 2500	𝑎𝑡𝑜𝑚𝑠	𝑜𝑓	𝐶𝑢	𝑜𝑛	𝑡ℎ𝑒	𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

(6) 
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Similarly, the number of Cu atoms in each Cu NCs (NV,Cu), considering a total number of atoms 

of 4 per unit cell, can be approximated to: 

𝑁-,() =
4 × 𝑉!"#$%$

𝑎&  

=
4 × 180
(0.362)& ≈ 13500	𝑎𝑡𝑜𝑚𝑠	𝑜𝑓	𝐶𝑢	𝑖𝑛	𝑒𝑎𝑐ℎ	𝑁𝐶𝑠 

(7) 

 

Consequently, the atomic ratio surface to volume xS,V  

𝑥+,- =
𝑁+,()
𝑁-,()

 

=
2500
13500 

≈ 20% 

(8) 

 

The same surface-to-volume atomic ratio is obtained if the calculations are performed 

considering an average Van Der Walls radius of Cu atoms of 140 pm instead of the atomic 

density from the FCC structure. 

It is noted that this atomic ratio of 20% should be interpreted just as a rough estimate. Indeed, 

Cu NCs are not perfect spheres but rather faceted NCs with surface defect, thus a higher atomic 

ratio can be expected. 

Considering 2500 atoms of Cu on the surface of each NC, the mass ratio (r) of Cu:Al for a 

monolayer coverage can be estimated as follow: 

𝑟	 = 	
𝑚./

𝑚()
 (9) 

Assuming a monolayer of Al2O3, the Al atoms represent 2/5 of the atoms constituting the 

monolayer that is, 2/5 of 2500 atoms, so: 

𝑚./ 	= 	
2
5 × 2500 ×

𝑀./

𝑁.
 (10) 

with mAl the mass of aluminum, MAl the molar mass of aluminum (27 g.mol-1) and NA the 

Avogadro constant (6,02.1023 mol-1). 
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and: 

𝑚() 	= 	𝑉!"#$%$ × 𝑑() (11) 

with mCu the mass of one sphere of Cu and dCu the density of copper (8.96 g.cm-3). 

Therefore: 

𝑟	 = 	
2 × 2500 ×𝑀./

5 × 𝑉!"#$%$ × 𝑑() × 𝑁.
 

=
2 × 2500 × 27

5 × 180 × 8.96 × 6,02 × 10' 

	≈ 	3% 

 

A Cu:Al mass ratio of 3% is exactly that added in Cu@AlOxn=17, so the calculation 

above confirms that full encapsulation of the Cu NCs can indeed be expected for this 

number of cycles. 

 

(12) 
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Figure S10. Comparison of the CO2RR performance of Cu NCs and of Cu@AlOxn=17 

NCs. Total FEs for all gaseous products (i.e., H2, CO, CH4, C2H4) and the main liquid products 

(i.e., HCOO-, C2H5OH, 1-propanol) together with the geometric current density (red, right axis) 

as a function of applied potential. H2 FE remain at similar level in both cases and only some 

reduction of the current is observed. 
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Figure S11. Overall CO2RR performance of Cu(H2O2) NCs. a, Total FEs for all gaseous 

products (i.e., H2, CO, CH4, C2H4) and the main liquid products (i.e., HCOO-, C2H5OH) 

together with the geometric current density (red, right axis) as a function of applied potential. 
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Figure S12. Representative TEM images of Cu(H2O2) NCs after 1 hour of CO2RR at -1.1 V 

vs RHE.  

The Cu(H2O2) NCs exhibit the same current density and product distribution of the as-

synthesized Cu NCs at -1.1V vs RHE (Figure S11 and Table S2). However, the current density 

and hydrogen production increase compared to as-synthesized Cu NCs at more negative 

potentials. We note that the Cu(H2O2) NCs reconstructs, similarly to the as-synthesized Cu 

NCs. However, a qualitative interpretation of the TEM images after CO2RR indicates more 

extended copper domains compared to those observed in the as-synthesized Cu NCs. The 

presence of bigger Cu grains can explain the higher current density and hydrogen production 

measured at more negative potentials (Figure S11 and Table S2). 
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Table S2. FEs of as-synthesized Cu NCs, Cu(H2O2) and Cu@AlOxn=17 NCs for the main 

gaseous and liquid products averaged over one hour of CO2RR. 

As-synthesized Cu NCs 
V vs 
RHE 

H2 CO CH4 C2H6 HCOO- C2H5OH C3H7OH Current 
(mA.cm-2) 

-1.1 34.7±9.1 1.7±0.7 12.3±4.8 20.8±5.4 7.2±2.9 10.1±1.1 3.1±1.7 4.7±1.4 
-1.2 35.7±9.1 1.4±0.4 17.2±0.9 21.4±3.9 6.3±2.0 6.3±1.0 0.0 6.3±0.4 
-1.3 40.4±8.1 0.9±0.7 19.0±0.3 18.7±4.4 2.8±2.0 4.8±1.0 1.7±1.0 7.9±1.0 
-1.4 38.5±3.9 0.9±0.6 22.3±6.3 20.5±1.9 3.1±1.0 4.4±1.0 1.6±1.0 8.2±1.4 

 

Cu(H2O2) NCs 
V vs 
RHE 

H2 CO CH4 C2H6 HCOO- C2H5OH C3H7OH Current 
(mA.cm-2) 

-1.1 35.3±5.9 1.4±0.3 11.8±3.4 20.2±2.7 10.2±1.3 11.2±4.1 6.8±1.1 4.9±1.0 
-1.2 51.4±2.1 0.4±0.1 13.4±0.7 12.3±1.5 2.5±1.8 5.9±2.3 0 6.9±0.7 
-1.3 61.1±11.3 0.2±0.1 12.8±2.0 8.3±4.5 2.8±1.6 4.2±0.3 0 9.3±1.1 
-1.4 70.7±10.1 0.2±0.1 9.6±2.0 5.7±4.9 2.1±0.8 3.7±0.2 0 13.9±1.4 

 

Cu@AlOxn=17 NCs 
V vs 
RHE 

H2 CO CH4 C2H6 HCOO- C2H5OH C3H7OH Current 
(mA.cm-2) 

-1.1 39.9±1.3 2.4±0.4 20.5±3.9 15.1±1.6 8.8±1.0 10.0±1.0 3.1±2.1 2.7±0.3 
-1.2 43.6±5.2 1.7±1.2 30.4±4.6 7.4±6.2 4.5±2.0 8.8±1.0 0.0 3.9±0.9 
-1.3 47.7±4.0 0.6±0.5 29.0±0.2 0.6±1.9 1.9±2.0 3.3±2.0 1.7±0.5 5.9±0.2 
-1.4 51.7±8.0 0.4±0.1 32.3±6.4 1.1±5.1 5.1±1.0 4.4±1.5 1.6±0.5 6.1±0.8 
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Figure S13. Top part: Representative TEM images of Cu NCs before and after 1 hour and 4 

hours of CO2RR at -1.1 V vs RHE together with the size distribution of the as-synthesized. 

Bottom part: TEM images of Cu@AlOxn=17 before and after 1 hour and 4 hours of CO2RR at 

-1.1 V vs RHE together their corresponding size distribution showing no change. 
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Figure S14. Total current density together with FE(CH4) of Cu@AlOxn=17 for 4 hours test. 
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Figure S15. Zoom-in of the linear sweep voltammogram from OCP to -1.1 vs RHE 

measured for the as-synthesized Cu NCs and the Cu@AlOxn=17 NCs. 

Complementary insight into the morphological stability of the shell were retrieved from pre-

CO2RR linear sweep voltammetry (LSV). The potential window displayed in the figure focuses 

on the electro-stripping region of the native ligand, which is around 0 V vs RHE based on 

previous studies21. As expected, the ligands are completely electro-stripped from the surface of 

the as-synthesized Cu NCs as a clear peak appears. No electro-desorption is observed for the 

Cu@AlOx sample. This result provides additional support to the fact that the ligands and the 

alumina shell remain bound to the surface of the NCs under cathodic potential and during 

CO2RR, which is in line with the ligand locking induced by the c-ALD grown oxide shells 

previously reported.3 
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Figure S16. Post 4 hours CO2RR XPS spectra. a, Cu 3s/Al 2s region (black) with their 

respective fits in red and blue and the corresponding envelope (green) and residues (light grey). 

b, N 1s region with fit (violet) and residue (light grey). The contribution of alumina and 

nitrogen containing ligands (TOA) is cleary detected, thus reinforcing the conclusion that the 

alumina shell with its embedded ligands is stable during CO2RR. 
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Table S3. Detailed XPS comparison of Cu 3s/Al 2s region for Cu@AlOxn=17 before and after 

4 hours of CO2RR at -1.1 V vs RHE. 

Sample Region Binding Energy 
(eV) 

FWHM 
(eV) Area Area ratio 

(%) 

Cu@AlOxn=17 
Before CO2RR 

Cu 3s 122.55 2.57 4244 44 
Al 2s 116.54 6.68 5302 56 
N 1s 399.7 1.5 895 / 

Cu@AlOxn=17 
After 4 hours 

CO2RR 

Cu 3s 122.78 2.9 1576 46 
Al 2s 117.39 7 1865 54 
N 1s 399.9 1.5 1227 / 

 

Raw XPS data were fitted using iterated Shirley background subtraction and the position of the 

C-C bond at core-level C 1s was used to reference the spectra at 284.8 eV. Cu 3s regions were 

fitted with GL(70) and Al 2s with GL(20) from CasaXPS as metal have an higher Lorentzian 

contribution.10,11,18  
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Figure S17. A, B Representative HAADF-STEM image of Cu/AlOx together with EDX 

mapping. C. Corresponding EDX Spectrum. 
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Figure S18. LSV for Cu@AlOxn=x with n=2, 8, 17 and 30. 

The LSV show that only when 17 cycles are performed, the ligands detachment peak does not 
appear. 
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Figure S19. FT-IR spectra of the Cu/AlOx compared with Cu@AlOx showing the 

predominance feature of AlO6 and bonded OH characteristic of Brønsted acid oxide. 
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Figure S20. Cu K-edge XANES spectra of Cu, Cu2O, CuO and CuAl2O4 commercial 

references. 

Commercial Cu foil, Cu2O, CuO, and CuAl2O4 were used as standards to build the LCA (Linear 

Combination Analysis) models CuAl2O4 was chosen as an additional reference for Cu2+ to 

consider the eventual formation of binary oxide between the copper core and the alumina shell, 

which was not observed. 
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Figure S21. Evolution of Chi square as a function of the applied potential for the three different 

systems and the four LCA models evaluated from bulk standards reported in Figure S19.  

 

These four LCA models were built by considering different copper oxides, as indicated in the 

legend of the figure.  

At OCP, the three different systems are best modeled by assuming a mixed of Cu0, Cu+ and 

Cu2+, as a significant decrease in chi square is observed from model 1 to model 2, 3 or 4. 

Interestingly, the Chi square for the Cu2+ fraction is similar when considering either CuO 

(model 2), or CuAl2O4 (model 4) or indeed a mixture of the two (model 3). However, additional 

characterization (XPS, FT-IR, SWV, LSV) exclude Cu-Al alloys or binary oxides, at least for 

OCP.  

This observation indicates that the Cu@AlOx interface, which we indicate as CuO(Al), 

generated in our catalyst is a rather unique and cannot be adequately captured by the bulk 

references. This structural uniqueness is later confirmed by EXAFS where one of the two Cu-

O scattering peaks could not be accurately fitted nor by CuO or by CuAl2O4. 

As the applied potential becomes more cathodic, the difference between model 1 and the other 

models becomes statistically insignificant for Cu NCs and Cu/AlOx which indicates that the 

oxide fractions tend to be fully reduced. However, Cu@AlOxn=17 stands as unique as across 

the entire range of potentials because a mixture of Cu0, Cu+ and Cu2+ always models the 

experimental data to a statistically superior degree in these cases (Note: an increase in Chi 

square occurs for Cu@AlOxn=17 when reaching the -1.1 V vs RHE; this increase is due to some 

catalyst detachment during the experiments but does not alter the integrity of the data). Again, 

the modeling of the exact nature of Cu2+ remain elusive from the bulk standards. The fact that 

the models 3 and 4 which includ CuAl2O4 system never result in any statistically significant 
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improvement to the fits compared toe model 2 suggests that the formation of this mixed oxide 

is highly unlikely. Moreover, if Cu-Al alloying or the formation of some Cu-Al binary oxide 

were taking place, those effects should have been even more pronounced in Cu/AlOx due to 

the excess of alumina surrounding the Cu NCs, which is not the case. All the above provides 

us confidence to fairly exclude the formation of CuAl2O4 and to pick CuO as the most 

representative model of the Cu2+ fraction in the LCA analyses reported in the manuscript.   
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Figure S22. Evolution of operando XANES spectra as function of the applied potentials (vs 

RHE) for a, Cu NCs b, Cu@AlOxn=17 and c, Cu/AlOx. 

The evolution of the copper species as a function of the applied potential extracted from LCA 

for the three systems is summarized in Figure 4d-f. Figure S21 reports the original data. Below 

we write more detailed comments on the data. 

The as-synthesized Cu NCs display Cu0/Cu+/Cu2+ fractions of around 65/25/10 % at OCP, 

where the contribution of Cu+ and Cu2+ is attributed to oxidation of the sample upon contact 

with the electrolyte. Indeed, these Cu spheres were shown to self-passivate with an amorphous 

layer of CuO surface oxide and Cu2O core.22 With a more cathodic potential being applied, the 

Cu NCs completely reduce to  Cu0 with a contribution of above 90% to the signal and residual 

Cu+ below 10% while no Cu2+ is found at -1.1V vs RHE. These data are consistent with 

previous results.23,24  

At OCP, Cu@AlOxn=17 and Cu/AlOx display similar oxide mixture with less than 10% of Cu0, 

around 55% Cu+1 and around 30% of Cu+2. Cu+2 originates from the oxidative pretreatment 

with H2O2 as 30% matches very well with the 36% evaluated from the Cu LMM Auger in 

Figure S2, which correspond roughly to a monolayer of Cu+2 targeted as sufficient for the 
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alumina nucleation during c-ALD. Instead, the Cu+1 is associated with oxidation of the sample 

upon exposure to the electrolyte similarly to the as-synthesized Cu NCs.24  

As the applied potential becomes more cathodic, the two systems exhibit a different behavior. 

Cu@AlOxn=17 retains a significant fraction of Cu+2 (ca 20%) at -1.1V vs RHE. We propose that 

the drop from the initial 35 % is a consequence of not all the Cu surface atoms binding to AlOx 

and would correlate with a porous shell. Cu/AlOx whilst losing completely the Cu2+ 

componenent, does, however, retains around 35% of Cu+1 fraction when reaching -1.1 V vs 

RHE. 
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Figure S23. Evolution of operando XANES spectra as function of time at -1.1 V vs RHE 

applied potential for a, Cu NCs b, Cu@AlOxn=17 and c, Cu/AlOx. 

The evolution of the copper species as a function of time at -1.1V vs RHE from LCA for the 

three systems is summarized in Figure 4g-i. Figure S22 reports the original data. The evolution 

of the XANES spectra as function of time when -1.1 V vs RHE is maintained, clearly shows 

that the as-synthesized Cu NCs maintained their metallic character, as expected, while 

Cu@AlOxn=17 maintained its mixed oxide-metal composition based on the white line feature. 

and the LCA fitting (Fig. 4) Interestingly Cu/AlOx shows progressive reduction towards 

metallic copper corroborating the instability of the Cu|AlOx interface. 
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Figure S24. Ex-situ XAS data of Cu@AlOxn=8 (partial encapsulation) before and after 90 min 

of CO2RR at -1.1 V vs RHE. a, XANES spectra. b, Cux species fraction from LCA. c, EXAFS 

spectra. 
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Figure S25. Evolution of Cu+2 fraction from OCP to -1.1 V vs RHE for different catalysts 

based on LCA performed on the XANES data. The Cu2+ fraction drops to 0% for all samples, 

except Cu@AlOxn=17. 

 

  



46 
 

 

Figure S26. k3-weighted EXAFS spectra at OCP (dark color) and at -1.1 V vs RHE (light 

color) of a, d Cu NCs (black), b,e Cu@AlOxn=17 and c,f Cu/AlOx (green) with their 

respective fittings (red). 

 

In reporting of the EXAFS analysis, in all cases the fitted data range is 3 ≤ k (Å-1) ≤ 12.5 and 

the fitting made using a k3 weighting of the EXAFS data. 

The R-factor (R%) is defined as follows as follows: 

R% = SiN 1/si (cie (k) - cit (k))2 x 100% 

Where cie and cit are the experimental and theoretical EXAFS respectively and k is the photo-

electron wave-vector (Å-1). si is the uncertainty in the data, with 1/si = kin/SjN kin (cie (kj))2. 
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Figure S27. Phase-corrected FT(k3)-EXAFS spectra at OCP (dark color) and at -1.1 V vs RHE 

(light color) of a, d Cu NCs (black), b, e Cu@AlOxn=17, and c, f Cu/AlOx (green) with their 

respective fittings (red). 

Figure S27 reports the original FT-EXAFS along with their fitting. Below we write more 

detailed comments on the data to complement the summary provided in the discussion of Fig. 

4 in the manuscript. 

At OCP, the EXAFS spectra of the three systems display two pronounced features, one at 1.8 

Å and one at 2.53 Å, which are characteristic of Cu-Cu and Cu-O bonds, respectively. The Cu-

O bond lengths are more indicative of Cu2O (1.85 Å) than CuO (1.95 Å), which is in line with 

LCA from XANES where the fraction of Cu+ is higher than Cu2+ at OCP.  

, Upon the application of the cathodic potential, the EXAFS spectra undergo severe changes 

and become dominated by the Cu-Cu scattering interaction at 2.53 Å, and the appearance of 

higher shell structure ( (r > 3Å) indicative of the presence of an extended metallic copper phase, 

which is also consistent with the XANES data and analysis. Again, Cu@AlOxn=17 behaves 

differently in that two non-fcc scattering peaks corresponding to Cu-O are preserved in its 

EXAFS spectrum at -1.1V vs RHE. A shell of O at 1.968 Å can be fitted and correspond to 

CuO, which is in agreement with the XANES indicating the Cu2+ existence at cathodic 

potential. Instead, the second non-fcc scattering feature at 3.1 Å does not correspond precisely 

to any of the bulk reference compounds. The fitted Cu-O distance falls somewhere in between 
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the expected region for CuO and CuAl2O4 and might reflect an interaction between oxidized 

copper surface with the alumina matrix, thus we indicate it as Cu-O(Al).  

The changes in the scattering features discussed above are accompanied by changes in 

coordination numbers (N1), bond distances (d) and the Debye-Waller (DW) factor extracted 

from the EXAFS (Table S4). The changes are dominated by the reduction of the oxidized 

components initially present and their replacement by metallic fcc copper, as very clearly seen 

in the Fourier transforms of the k3-weighted EXAFS data shown in Figure S26.  

N1 does have a sensitivity to particle size (specifically for average atomicity of < ca. 1000 

atoms).25,26 Thus, it would be tempting to associate some of the changes in N1 to changes in 

the average copper particle sizes (smaller sizes -> more surface and defects -> higher N1). 

However, the errors intrinsic to the determination of the reported values (± 10-20%), derived 

in large part from the high correlation that exists between the N1 and the DW factor, prevents 

to make any further correlation with any reliability.  

Table S4. Structural data extracted from analysis of Cu K-edge EXAFS at OCP and 
operando at -1. 1V vs RHE. 

Sample N1 (Cu) d (Å) DWF (Å2) 

Cu NCs – OCP 3.7 2.51 0.003 

Cu NCs – -1.1V vs RHE 11 2.53 0.014 

Cu@AlOxn=17 – OCP 2 2.50 0.009 

Cu@AlOxn=17 – -1.1V vs RHE 9.4 2.523 0.014 

Cu/AlOx – OCP 1.7 2.51 0.012 

Cu/AlOx – -1.1V vs RHE 10.6 2.54 0.015 
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Figure S28. Stability of the Cu@AlOxn=17 NCs against surface oxidation/reduction cycles. 

a,b Successive cycles of SWV for the as-synthesized Cu NCs (a) and for the Cu@AlOxn=17 

(b). c, d Representative TEM images acquired after the SWV cycles for Cu NCs (c) and 

Cu@AlOxn=17 NCs (d). 

Successive cycles of square wave voltammetry (SWV) were performed on the as-synthesized 

Cu and Cu@AlOx NCs (Figure S15a,b) to assess their resistance against redox cycles. 

Remarkably, the SWV curves of the encapsulated catalyst do not show change upon cycling. 

This result is significant because these redox phenomena are one of the triggering events for 

the reconstruction of the Cu catalysts during start-up and shut-down of the electrochemical 

cell.27 Additional TEM images taken for both system after SWV confirm the robustness and 

absence of changes for Cu@AlOxn=17 (Figure S15c,d).  

Additional information can be gained from the comparison of the first scans between the two 

samples. Both samples show the two nearby peaks at around 0.5 V vs RHE on the anodic wave, 

which correspond to the reduction from Cu+ to Cu0. However, only the Cu NCs display a 

reductive peak at around 0 V vs RHE. This reductive peak was previously ascribed to surface 
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ligands electrodesorption.21 The absence of this peak, or any other new feature, in 

Cu@AlOxn=17 NCs indicates that neither the alumina shell with its embedded ligands desorb 

from the surface nor does the aluminum alloys with copper. Interestingly, the feature 

corresponding to Cu+ to Cu0 reduction increases upon cycling in the SWV of Cu NCs, which 

we correlate to the reconstruction pointing at formation of cube-like structure upon 

oxidation.28,29 
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Figure S29. FT-IR spectra of Cu and Cu@AlOx without (dotted line) and with (solid line) 

contact pyridine for n= 2, 8 and 17 cycles. 

Upon contact with pyridine (py), the FT-IR spectra shows the appearance of two new bands at 

1607 cm-1 and 1445 cm-1, independent of the shell thickness. Those bands have been previously 

ascribed to the Lewis-bonded pyridine (Py-L) to the Cu surface.30 The fact that the pyridine 

reaches the copper surface indicates that the c-ALD-grown alumina shell is a porous network 

rather than a dense thick coating that buries the copper surface like oxides deposited by gas-

phase ALD or carbon coatings.31,32 
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