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ABSTRACT  1 

We report a heterometallic seed-mediated synthesis method for monodisperse penta-twinned Cu 2 

nanorods using Au nanocrystals as seeds. Elemental analyses indicate that resultant nanorods 3 

consist predominantly of copper with a gold content typically below 3 at. %. The nanorod aspect 4 

ratio can be readily adjusted from 2.8 to 13.1 by varying the molar ratio between Au seeds and Cu 5 

precursor, resulting in narrow longitudinal plasmon resonances tunable from 762 to 2201 nm. 6 

Studies of reaction intermediates reveal that symmetry-breaking is promoted by rapid nanoscale 7 

diffusion in Au-Cu alloys and the formation of a gold-rich surface. The growth pathway features 8 

co-evolving shape and composition whereby nanocrystals become progressively enriched with Cu 9 

concomitant with nanorod growth. The availability of uniform colloidal Cu nanorods with widely 10 

tunable aspect ratios opens new avenues toward the synthesis of derivative one-dimensional metal 11 

nanostructures, and applications in surface-enhanced spectroscopy, bioimaging, electrocatalysis, 12 

among others.        13 
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INTRODUCTION 1 

Over past few decades, metal nanorods (NRs) as an important class of one-dimensional 2 

nanomaterials have attracted great interest owing to their superior plasmonic, catalytic and 3 

electrical properties.1 Colloidal gold2, 3 and silver4-6 NRs exhibiting aspect-ratio-dependent 4 

longitudinal surface plasmon resonance (LSPR) have enabled myriad applications in surface-5 

enhanced spectroscopy,7, 8 plasmon-enhanced photocatalysis,9 near-infrared (NIR) bioimaging and 6 

therapeutics,10 etc. Cu is an earth-abundant and inexpensive metal. Nanostructured copper is well 7 

suited for transparent conductors11, 12 and catalytic applications ranging from electroreduction of 8 

CO2 and CO to liquid fuels,13 methanol synthesis14 to Ullmann coupling reaction.15 Although SPR 9 

on copper can be strongly damped in the visible range due to its low onset of interband transitions 10 

(2.1 eV), a high-quality-factor SPR rivaling gold and silver becomes realistic with copper provided 11 

that the resonance frequency can be shifted into the infrared spectral region.16  12 

Despite the tremendous progress made toward the synthesis of coinage metal nanocrystals 13 

(NCs), shape-controlled Cu NCs remains far less developed compared to systems like gold and 14 

silver.17-19 One major obstacle lies in the insufficient understanding of dynamic speciation of 15 

copper under reaction conditions and kinetic pathways by which Cu precursors are converted into 16 

metallic Cu.19, 20 Another complicating factor is that nanoscale copper has a strong tendency to 17 

oxidize especially in aqueous solutions.17, 21 Among one-dimensional Cu nanomaterials, there has 18 

been far fewer examples of NRs than nanowires, which highlights the difficulty in avoiding 19 

elongated Cu nanostructures to rapidly develop into nanowires.1 In one early study, Cu NRs were 20 

synthesized via hydrazine reduction of copper(II) bis(2-ethylhexyl) sulfosuccinate (Cu(AOT)2) in 21 

an isooctane-water mixture.22 A bicontinuous network of cylindrical micelles was proposed to 22 

template the growth and the yield of NR was ca. 40% with remaining products largely spherical 23 

NCs. Later, Zhong and coworkers reported a non-aqueous synthesis of Cu NRs using 1,2-24 

hexadecanediol as the reducing agent. However, a mixture of nanospheres, nanocubes and NRs 25 

was obtained with low shape selectivity.23 Apart from the seedless approach, multiple seed-26 

mediated methods have been developed for Cu NRs. Yin et al. reported seeded growth of Cu NRs 27 

onto single-crystalline Au seeds. The large lattice mismatch between Cu and Au (11.4%) was 28 

proposed to induce twinning and promote lateral growth into tapered NRs.24 Xia et al. used penta-29 

twinned Pd seeds to direct the growth of Cu NRs exhibiting tunable LSPRs from visible to 1100 30 
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nm.21 Transmission electron microscopy (TEM) revealed that the Pd seed was retained at one end 1 

of each Cu NR, suggesting that seeds play a key role in symmetry breaking. More recently, Yin 2 

and coworkers developed a space-confined seeded growth strategy to prepare Cu NRs with tunable 3 

LSPR from 935 to 1290 nm.25 Despite these significant advances, the demand for monodisperse 4 

Cu NRs with widely tunable aspect ratios (ARs) and dimensions motivates further synthetic 5 

development and improved mechanistic understanding of growth pathways.  6 

Here, we report a heterometallic seed-mediated method for Cu NRs with uniform diameters and 7 

variable lengths using preformed Au NCs as seeds. Elemental analyses indicated that as-formed 8 

NRs consist predominantly of copper with a gold content typically below 3 at. %. By changing the 9 

molar ratio between Au seeds and Cu precursor, the AR of NRs can be readily varied from 2.8 to 10 

13.1, producing sharp LSPRs tunable from 762 to 2201 nm. We further uncovered the critical roles 11 

of alloying and diffusion in initiating and sustaining anisotropic growth by analyzing reaction 12 

intermediates. 13 

RESULTS AND DISCUSSION 14 

Figure 1a illustrates the synthetic scheme of Cu NRs where oleylamine (OLAM) was employed 15 

as both the reducing agent and solvent. A Cu(II)-OLAM complex formed as the reaction mixture 16 

was heated to 80 °C, producing a transparent blue solution. Reduction of Cu(II) to Cu(I) occurred 17 

when the temperature reached 180 °C, as indicated by the color change from blue to light yellow.12 18 

Growth of Cu NRs was initiated by adding Au NCs into the reaction solution at 180 °C. Figure 1b 19 

shows a TEM image of 9.0 nm OLAM-capped Au seeds which provided heterogeneous nucleation 20 

sites for incoming Cu atoms. Without Au seeds, no Cu NCs formed even after heating the reaction 21 

mixture at 180 °C for two hours. Figure 1c shows a TEM image of as-synthesized NRs with a 22 

mean diameter and length of 12.5 and 100 nm, respectively. Scanning TEM energy-dispersive X-23 

ray spectroscopy (STEM-EDS) analysis revealed that each NR was composed predominantly of 24 

Cu with residual Au (2%) evenly distributed throughout (Figure 1d,e). Scanning electron 25 

microscope EDS (SEM-EDS) which surveyed a wide area (~10 μm2) containing nearly 10,000 26 

NRs also indicated a trace amount of gold present (Figure 1f). X-ray diffraction (XRD) pattern 27 

showed three prominent peaks at 43.1°, 50.2°, and 73.7°, which best matched with the (111), (200), 28 

and (220) diffractions of the face-centered cubic (fcc) Au0.03Cu0.97 phase (Figure 1g). Considering 29 

the insignificant differences in lattice parameters of Au0.03Cu0.97 (3.63 Å) and Cu (3.62 Å), the NRs 30 
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obtained were essentially Cu NRs, which is distinct from previous reports of Cu-containing NRs 1 

with much higher contents of secondary metals such as Au and Pd.26-28 The extra peak at 37.5° is 2 

attributed to Cu2O, a common oxidation product of copper at ambient conditions (Figure 1g).15  3 

Figure 2a shows a representative HRTEM image of a NR (AR=10.6). Two sets of fringes with 4 

lattice spacings of 2.25 and 1.44 Å were observed, corresponding to the (111) and (220) planes of 5 

fcc Cu, respectively. We further used coherent nano-area electron diffraction (CNED) to probe NR 6 

structure (Figure 2c).29 The CNED pattern cannot be indexed as a single zone-axis pattern of fcc 7 

Cu, suggesting that they are not single-crystalline (Figure 2d). Close examination revealed that 8 

most spots can be accounted for based on the superposition of <111> and <110> diffractions. This 9 

interpretation indicates that these NRs have a cyclic penta-twinned structure with five {111}-type 10 

twin boundaries arranged radially along the common [110] longitudinal direction, in agreement 11 

with previous results obtained for multi-twinned metal NRs and nanowires.12, 30, 31 The remaining 12 

diffraction spots are attributed to double diffractions from differently oriented crystalline domains 13 

and Cu2O on NR surface (Figure S1). The five-fold axial symmetry was also confirmed with nano-14 

beam electron diffraction (NBED, Figure 2e) that used a convergent beam to probe the local 15 

structure of materials (Figure 2c). The NR orientation in Figure 2a,c is schematically illustrated in 16 

Figure 2b. A pentagonal cross-section showing five face-sharing fcc domains labelled as T1 to T5 17 

is highlighted when viewed along the [110] central axis. HRTEM image taken from a different but 18 

perhaps more commonly observed NR orientation is shown in Figure 2f, where continuous {111} 19 

lattice fringes running parallel to the long axis were readily resolved. Notably, Moiré patterns 20 

consisting of wide dark stripes appeared along the central region.30, 31 The CNED and NBED 21 

patterns acquired at this orientation can be interpreted as the combination of <112> and <100> 22 

diffractions (Figure 2h-j). This NR orientation, as depicted in Figure 2g, is related to the diagram 23 

shown in Figure 2b by an 18° rotation around the five-fold axis. Rather than having the electron 24 

beam parallel to one of the side facets (Figure 2b), in this configuration, the electron beam runs 25 

perpendicular to one side surface of NR (Figure 2g). Consequently, overlap between [100]-26 

oriented T1 domain and [112]-oriented T3 and T4 domains is satisfied only in the central region, 27 

which explains the location of Moiré patterns observed on HRTEM image (Figure 2f). Taken 28 

together, we concluded that Cu NRs possess a pentagonally twinned structure bounded by five 29 

{100}-facets on the sides and capped with five {111} facets at both ends.  30 
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Figure 3a-j present TEM images of a collection of Cu NRs synthesized using 9 nm Au seeds. 1 

The AR can be continuously adjusted from 2.8 to 13.1 by lowering the concentration of Au seeds 2 

while using the same concentration of CuCl2 (Figure 3l and Table S1). Ultralong Cu NRs with a 3 

high AR of 35 were accessible upon further reduction in [Au seeds]/[CuCl2] ratio (Figure S3). The 4 

AR tunability arose primarily from variations in NR length as the diameter remained essentially 5 

fixed at about 12.5 nm (Figure 3f-j). HRTEM and electron diffraction analyses revealed that all 6 

NRs have a penta-twinned structure (Figure S4-S5). XRD patterns of different samples showed 7 

excellent agreement with predicted peak positions of the fcc Au0.03Cu0.97 structure, suggesting low 8 

Au contents in NRs regardless of AR (Figure 3m). To enhance colloidal stability, native OLAM 9 

ligands on NRs were exchanged for thiol-terminated polystyrene (PS-SH). PS-grafted NRs readily 10 

formed close-packed monolayer assemblies over extended areas (Figure S6-S8), which not only 11 

demonstrates ensemble-level size uniformity, but also facilitates statistical analysis of NR 12 

dimensions (Figure S9-S10). A photograph of different NRs dispersed in toluene is shown in 13 

Figure 3k. The color of short NRs (AR=2.8) appeared to be black, indicative of broadband 14 

extinction in the visible region. In contrast, NRs with ARs exceeding 5 displayed a reddish color, 15 

suggesting that their LSPR has been shifted well into the NIR region.   16 

Figure 4a shows extinction spectra of Cu NRs dispersed in tetrachloroethylene (TCE). The 17 

LSPR red-shifted from 762 to 2201 nm as the AR increased gradually from 2.8 to 13.1. A sharp 18 

LSPR was observed for every sample (e.g., fwhm = 0.468 eV for AR=4.9; fwhm = 0.397 eV for 19 

AR=9.0). To our knowledge, the spectral tunability shown in Figure 4a represents the broadest 20 

SPR tuning range to date for colloidal Cu-based NCs. We performed finite-difference time-domain 21 

(FDTD) simulations to gain a deeper understanding of the factors that dictate LSPR characteristics 22 

especially the impact of surface oxidation (Figure S12-S13). Appreciable discrepancies were 23 

found between experimental and simulated extinction spectra when metallic copper was assumed 24 

in simulations (Figure S12 and Table S2). To reconcile the disparity between theory and 25 

experiment, a Cu@Cu2O core/shell model was adopted and the thickness of the conformal Cu2O 26 

layer was varied until an excellent agreement was attained (Figure 4b and Figure S14). The optimal 27 

oxide layer thickness retrieved was less than 1.2 nm for different NRs, which is in line with 28 

HRTEM and XRD data (Table S2). Furthermore, experimental LSPR wavelength was found to 29 

vary linearly with AR via the relationship 𝜆 (𝑛𝑚) = 144.3 × 𝐴𝑅 + 381.3 (Figure 4c and Figure 30 

S15), which provides a useful guideline for synthesis of Cu NRs targeting specific LSPR 31 
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wavelengths. To our knowledge, analogous experimentally derived scaling relationships over a 1 

wide range of ARs are largely unavailable for metal NRs with the exception of gold NRs, for which 2 

𝜆 (𝑛𝑚) = 96 × 𝐴𝑅 + 418 .32 Figure 4d-f show near-field enhancement (NFE) maps of three 3 

Cu@Cu2O NRs excited at their LSPR peak wavelengths. NFE factors in the range of 25-47 were 4 

retrieved even when a thin Cu2O layer was considered. These values are on par with other NIR 5 

plasmonic nanomaterials such as gold NRs and Sn-doped In2O3 NCs,33 demonstrating the potential 6 

of Cu NRs for surface-enhanced spectroscopy and sensing applications. 7 

To understand the growth mechanism of Cu NRs, reaction intermediates were examined using 8 

multiple analytical techniques. Within 8 min after seed injection, NCs remained spherical while 9 

the mean diameter increased from 8.6 to 11.3 nm (Figure S16a-e and Figure S17). Concurrently, 10 

a gradual redshift in SPR from 517 to 550 nm was observed, indicating that Cu was diffusing into 11 

Au forming Au-Cu alloy (Figure S16f). This is consistent with previous reports of diffusion-12 

mediated synthesis of Au-Cu alloy NCs at elevated temperatures.34-36  In fact, it is well established 13 

that bulk Cu and Au form solid solutions with continuously tunable alloy compositions.35, 37, 38 The 14 

onset of anisotropic growth began at approximately 8-10 min when the solution color changed 15 

from red to black, yielding a mixture of spherical and elongated particles (Figure 5b). STEM-EDS 16 

elemental mapping and HRTEM imaging revealed that these intermediates are Au-Cu alloys with 17 

spatially varying composition and surface enrichment of Au. (Figure 5f-g and Figure S18). 18 

Furthermore, EDS line profile indicated that the small protrusion grown out of the seed was largely 19 

comprised of gold (Figure 5f). Surface segregation of gold in Au-Cu alloys can be rationalized 20 

based on thermodynamic arguments. First, it is generally more favorable to have larger atoms (gold 21 

in this case) occupy surface sites because such arrangement will result in less surface atoms thereby 22 

lowering the overall energy due to bond breaking.37, 38 Second, element with the smallest surface 23 

energy (also gold in this case) tends to populate the surface (cf. γCu(111) =1.83 J/m2, γAu(111)=1.50 24 

J/m2).39, 40 XRD pattern of the 10-min reaction aliquot was best matched to the AuCu3 phase 25 

(Figure 5l). The absence of superlattice peaks at 2θ=33.8° indicates that atomically disordered fcc 26 

alloy was formed,41 likely due to the  rapid interdiffusion of Au and Cu and relatively low reaction 27 

temperature (i.e., 180 °C). At 20 min, symmetry breaking had taken place on a large proportion of 28 

Au seeds (Figure 5c,h), generating elongated NCs with an undulating surface morphology (Figure 29 

5h). A broad extinction band centered at 1238 nm was observed, which signifies the presence of 30 

high-aspect-ratio rod-like particles in the reaction mixture (Figure 5k). Moreover, XRD peaks had 31 
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shifted to higher angles compared to 10-min intermediates, suggesting a further increase in Cu 1 

content (Figure 5l).35 Subsequent Cu deposition lengthened the NCs, causing LSPR to red-shift to 2 

1729 nm after 30 min of reaction (Figure 5d, 5i and 5k). The presence of grooves with a negative 3 

surface curvature can render the structure energetically unstable. Consequently, further deposition 4 

of Cu atoms and surface diffusion are expected to smooth out these rough features, thereby 5 

lowering the total surface energy. Indeed, straight NRs with a minimal surface roughness and a 6 

minute amount of gold were obtained after 1h (Figure 5e,j). A pronounced LSPR band centered at 7 

1483 nm (fwhm= 0.404 eV) was observed, supporting the high crystallinity of NRs and reduced 8 

scattering from surface imperfections (Figure 5l). 9 

We further quantified the composition of reaction intermediates using EDS and XRD. The Cu 10 

at. % determined from SEM-EDS was 74%, 83%, 93%, and 98 % for samples obtained after 10, 11 

20, 30 and 60 minutes of reaction, respectively, in good agreement with atomic ratios determined 12 

from STEM-EDS (Figure 5m). Besides, XRD provides an independent measure of time-dependent 13 

alloy compositions. Application of Vegard’s law to XRD-derived lattice constant returns atomic 14 

percentages of constituent elements.35 The Cu at. % retrieved from XRD analysis were 69%, 80%, 15 

90% and 96% for NCs obtained at 10, 20, 30, and 60 min, respectively (Figure 5m, Table S3, 16 

Figure S19). Both XRD and EDS data indicate that NCs became progressively enriched with Cu 17 

accompanying growth from spherical seeds to NRs. Although reaction intermediates exhibited a 18 

wavy surface morphology, which could have resulted from fusion of NCs, additional experimental 19 

evidence indicated that an aggregative growth or orientated attachment mechanism is highly 20 

unlikely. First, a monotonic increase in AR was achieved when the [Au seeds]/[CuCl2] ratio was 21 

lowered (Figure 3l). On the contrary, an opposite trend in or a lack of AR tunability would have 22 

resulted if NRs were formed through coalescence of NCs. Second, the Au content of NRs was 23 

consistently below 6.5% irrespective of AR (Figure 5m and Figure S20), which is in line with 24 

predictions of a basic geometrical model assuming that (1) each NR derives from one Au seed, 25 

and (2) dissolution of Au atoms into reaction solution is insignificant (Figure S20 and Table S4-26 

S5). 27 

The crude products contained ca. 5% of spherical NCs that are removed via size-selective 28 

precipitation (Figure S21-S22). Importantly, the Cu contents of spherical NCs were found to 29 

essentially mirror the compositional evolution of rod-shaped counterparts (Figure S22c-e and 30 
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Figure S23). Therefore, it appears that anisotropic growth commenced on a vast majority of seeds 1 

within a relatively short period of time, after which elongated NCs continued to develop into NRs 2 

while the rest remained as spheres. One reason for the co-generation of spheres and NRs is a 3 

distribution in the onset of anisotropic growth causing delayed symmetry breaking events for some 4 

seeds. However, we believe that this mechanism is unlikely given the uniformity in size, shape, 5 

and surface chemistry of Au seeds. A more plausible explanation is a distribution of single-6 

crystalline versus penta-twinned seeds. As previously demonstrated for different metals, the 7 

presence of twin planes in seed NCs can be a decisive factor for promoting anisotropic growth.42, 8 

43 Although the penta-twinned structure was theoretically predicted and experimentally shown to 9 

be more stable than single-crystal for small Au NCs,44 one cannot rule out the presence of a small 10 

amount of single-crystalline seeds, which may persist as spherical entities throughout the reaction. 11 

Likewise, twin planes may be generated in situ, which has been shown during deposition of Cu 12 

onto Au (100) single crystal and single-crystalline Au NCs.24, 45  13 

To elucidate the important roles of atom diffusion, a thermally activated process, in controlling 14 

anisotropic growth, reactions were run at temperatures ranging from 80 °C to 240 °C. Only 15 

spherical NCs were produced at less than 160 °C (Figure S24). Further, a monotonic increase in 16 

NC size was realized at increasing temperatures: 9.3 ± 0.4 nm (80 °C), 10.0 ± 0.5 nm (120 °C) and 17 

11.2 ± 0.5 nm (140 °C), suggesting that Cu diffusion into Au seeds already occurred at 80 °C. The 18 

lowest temperature for activation of anisotropic growth was found to be 160 °C, with 180 °C being 19 

the optimal temperature judged by the uniformity and yield of NRs (Figure S25). 20 

CONCLUSION 21 

In summary, we have developed a heterometallic seed-mediated synthesis method for 22 

monodisperse penta-twinned Cu NRs using preformed Au seeds. The AR can be continuously 23 

varied from 2.8 to 13.1 by reducing the molar ratio between Au seeds and Cu precursor, resulting 24 

in narrow LSPRs tunable from 762 to 2201 nm. Studies of reaction intermediates revealed that 25 

initial symmetry-breaking is facilitated by rapid nanoscale diffusion in Au-Cu alloys and coincides 26 

with the formation of elongated NCs with a gold-rich surface. NCs became progressively enriched 27 

in copper and eventually yielded well-defined NRs. The detailed reaction pathway uncovered may 28 

inform new strategies for shape-controlled synthesis of Cu NCs. Furthermore, the availability of 29 

Cu NRs with widely tunable ARs will open up a rich design space for derivative one-dimensional 30 
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mono- and multi-metallic nanostructures, and will enable new applications in surface-enhanced 1 

spectroscopy, bioimaging, electrocatalysis, etc.  2 
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 1 

Figure 1. (a) Scheme of seeded growth of Cu NRs using preformed Au NCs as seeds. (b,c) TEM 2 

image of 9 ± 0.4 nm Au NC seeds (b) and resulting Cu NRs (c). (d) HAADF-STEM image and 3 

STEM-EDS elemental maps of a single Cu NR. (e) STEM-EDS line profiles of Cu and Au contents 4 

along the yellow dashed line indicated in (d). (f) Elemental analysis results of Cu NRs. (g) XRD 5 

patterns of 5.5 nm Au NC seeds and Cu NRs. The vertical bars at the bottom represent the standard 6 

diffraction patterns of Au (JCPDS card no. 00-004-0784), Au0.03Cu0.97 (JCPDS card no. 01-077-7 

6964), and Cu (JCPDS card no. 00-004-0836). The additional peak centered at 37.5° is attributed 8 

to Cu2O due to surface oxidation of Cu NRs.  9 
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 1 

Figure 2. Structural analysis of penta-twinned Cu NRs. (a) HRTEM image of a Cu NR with one 2 

of its five side facets parallel to the electron beam, as illustrated by the cross-sectional scheme in 3 

(b). (c-e) CNED (d) and NBED (e) patterns acquired from the NR shown in (c). (f) HRTEM image 4 

of a Cu NR with one of its five side facets orthogonal to the electron beam, as illustrated by the 5 

cross-sectional scheme in (g). (h-j) CNED (i) and NBED (j) patterns acquired from the NR shown 6 

in (h). CNED patterns were recorded from the circular area defined by the condenser aperture 7 

shown in (c) and (h) covering the entire NR. NBED patterns were recorded from the circular spot 8 

(2-nm full-width at half-maximum) near the end of NR as indicated on (c) and (h).  9 
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 1 

Figure 3. Synthetic tuning of Cu NR aspect ratio. (a-j) Low-magnification (a-e) and high-2 

magnification (f-j) TEM images of Cu NRs with the average AR of 2.8 (a,f), 5.1 (b,g), 8.0 (c,h), 3 

9.0 (d,i), and 13.1 (e,j). (k) Photograph of Cu NRs with various aspect ratios dispersed in toluene. 4 

(l) Plot of Cu NR aspect ratio versus the [CuCl2]/ [Au NC seeds] ratio. (m) Representative XRD 5 

patterns of Cu NRs with the average AR of 2.8 (black), 5.1 (red), and 8.0 (green). The vertical bars 6 

at the bottom represent the standard diffraction pattern of Au0.03Cu0.97 (JCPDS card no. 01-077-7 

6964). The additional peak centered at 37.5° is attributed to Cu2O due to surface oxidation of Cu 8 

NRs. Scale bars: (a-e) 200 nm, (f-j) 20 nm. 9 

  10 
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 1 

Figure 4. Plasmonic properties of Cu NRs with various aspect ratios. (a) UV-Vis-NIR extinction 2 

spectra of Cu NRs with aspect ratios ranging from 2.8 to 13.1 and resulting LSPR tunable from 3 

762 to 2201 nm. (b)  FDTD simulated extinction spectra of Cu NRs covered with a thin surface 4 

oxide layer. The direction of polarization was set to be parallel to the long-axis of NR. The NR 5 

aspect ratio and surface oxide thickness are provided in the legend. (c) Plot of experimental LSPR 6 

peak wavelength versus NR aspect ratio. The red dashed line represents the linear fit to the data. 7 

(d-f) FDTD simulated NFE maps of Cu NRs covered with a thin surface oxide layer with the AR 8 

of 2.8 (d), 6.2 (e) and 13.1 (f). NFE maps were calculated for the extinction peak wavelength of 9 

763 nm (d), 1330 nm (e) and 2198 nm (f). 10 

 11 
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 1 

Figure 5. (a) Schematic illustration, (b-e) representative TEM images, (f-j) STEM-EDS analysis 2 

results and (k) UV-Vis-NIR extinction spectra of reaction intermediates of Cu NRs synthesized 3 

using 9 nm Au NCs as seeds. Scale bars: 20 nm (b-e) and 10 nm (f-j). (l) XRD patterns of reaction 4 

intermediates produced during synthesis of Cu NRs. The vertical bars at the bottom represent the 5 

standard diffraction pattern of bulk AuCu3 (JCPDS card no. 00-035-1357) and Au0.03Cu0.97 (JCPDS 6 

card no. 01-077-6964). (m) Plots of Cu contents of different reaction intermediates determined 7 

from SEM-EDS analysis (black circles), STEM-EDS analysis (yellow triangles), and XRD peak 8 

analysis and Vegard’s law (green squares). The percent copper of Cu NRs calculated based on a 9 

geometrical model (blue pentagon) and Cu contents measured by ICP-OES (red triangles) are also 10 

shown for comparison. 11 
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