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Supporting Experimental Section 

Chemicals. Sodium borohydride (NaBH4, 99%), hexadecyltrimethylammonium bromide (CTAB, for 

molecular biology,  99.0%), silver nitrate (AgNO3,  99.0%), L-ascorbic acid (AA,  99.0%), cerium (Ⅲ) 

acetate hydrate (Ce(AC)3xH2O, 99.9%), and 9, 10-anthracenediyl-bis (methylene) dimalonic acid (ABDA,  

90%) were purchased from Sigma-Aldrich. Tetrachloroauric (Ⅲ) acid tetrahydrate (HAuCl44H2O), 

hydrochloric acid (HCl, 36.0−38.0 w%), and methanol (CH3OH,  99.5%) were obtained from Sinopharm 

Chemical Reagent. Cerium nitrate hexahydrate (Ce(NO3)36H2O,  99.5%), potassium sodium tartrate 

tetrahydrate (C4H4O6KNa4H2O, 99%), salicylic acid (C6H4(OH)COOH,  99.0%), sodium hypochlorite 

solution (NaClO, available chlorine  5.0%) and ammonium chloride (NH4Cl, PT) were purchased from 

Aladdin Reagent. Potassium tetrachloroplatinate (Ⅱ) (K2PtCl4), chloroplatinic acid hexahydrate 

(H2PtCl66H2O), and palladium (Ⅱ) chloride (PdCl2) were obtained from Shenyang Research Institute of 

Nonferrous Metals. Sodium nitroferricyanide (Ⅲ) dihydrate (Na2[Fe(CN)5NO]2H2O) was obtained from 

Macklin. Deionized (DI) water with a resistivity of 18.2 Mcm was used in all experiments. 

 

Growth of the Au nanorods (NRs). The starting Au NRs were prepared following a seed-mediated growth 

method with some modifications.1,2 Specifically, the seed solution was prepared by injecting a freshly prepared, 

ice-cold NaBH4 solution (10 mM, 600 L) into a mixture containing HAuCl4 (10 mM, 250 L) and CTAB 

(0.1 M, 9.75 mL), followed by rapid inversion for 2 min. The resultant seed solution was kept at room 

temperature for 2 h prior to use. The growth solution was prepared by the sequential addition of HAuCl4 (10 

mM, 2 mL), AgNO3 (10 mM, 400 L), and HCl (1 M, 800 L) into CTAB solution (0.1 M, 40 mL), followed 

by the addition of a freshly prepared AA solution (0.1 M, 320 L). Once the resultant solution turned colorless, 

the seed solution (10, 30, and 100 L for three Au NR samples, respectively) was then injected into the growth 

solution and mixed by inversion for 2 min. The resultant solution was kept undisturbed for at least 6 h. 

 

Growth of the Au/end-CeO2 nanostructures. Typically, the as-grown Au NR solution (10 mL) was collected 

by centrifugation and washing with DI water (30 mL) to remove the excess surfactant. The Au NRs were then 
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redispersed into CTAB solution (0.1 mM, 5 mL) in a 15-mL centrifuge tube. The K2PtCl4 solution (0.1 mM, 

200 L) was subsequently added into the Au NR solution under gentle shaking. The resultant solution was 

kept at room temperature for 2 min to allow for the adsorption of PtCl4
2- on the Au NRs. A freshly prepared 

Ce(AC)3 solution (10 mM, 500 L) and DI water (4.3 mL) were sequentially added into the Au NR solution 

under gentle shaking. The overall volume of the obtained solution was 10 mL with the CTAB concentration of 

50 M. The resultant solution was placed in an oven set at 100 C for 1 h to produce the Au/end-CeO2 

nanostructures. The product was washed by centrifugation and redispersed in DI water (10 mL) for further use. 

 

Near-infrared (NIR) photocatalytic nitrogen fixation. The photocatalytic nitrogen fixation reaction was 

conducted in a 1-cm cuvette (4.2 mL). Methanol was used as the hole scavenger. For a typical reaction, the 

catalyst (1.3 mg) was dispersed into a mixture solution containing methanol and water (2:8, v/v, 1 mL) in a 1-

cm cuvette. The mixture was bubbled with a constant high-purity N2 (30 mLmin-1) at a pressure of 1 atm for 

10 min to remove dissolved air prior to the illumination. A semiconductor diode laser (808 nm) was employed 

for the NIR illumination at an optical power of 1.6 W. The optical power density was 8 Wcm-2 at a spot 

diameter of 5 mm. The 808-nm laser instead of a broadband light source was used for illumination because (1) 

plasmon-induced NIR N2 photofixation performance of the Au-end CeO2 sample can be clearly demonstrated 

under its plasmon excitation, and (2) the longitudinal plasmon wavelength of Au NRs is synthetically tuned 

from visible to NIR regions by simple tailoring their aspect ratios.3 Notably, the N2 photofixation activity will 

be enhanced by extending the light absorption across the entire NIR range using the mixture of Au-end CeO2 

samples with different aspect ratios.4 The laser beam was introduced perpendicular to the side surface into the 

solution. The solution was bubbled with N2 (5 mLmin-1) for the entire photocatalytic process. After 2-h 

illumination, the catalyst was recovered by centrifugation, and the product ammonia in the supernatant was 

determined with the indophenol-blue method.4,5 Each experiment was repeated three times to obtain the 

average value and the standard deviation. 
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Detection of singlet oxygen (1O2). The generation of singlet oxygen was monitored using the probe molecule 

ABDA. The ABDA can be oxidized by 1O2 to produce an endoperoxide, resulting in the decrease of the 

absorption intensity. For the detection of 1O2, the catalyst (0.26 mg) was dispersed into ABDA solution (0.1 

mM, 4 mL) in a cuvette (4.2 mL) with 1-cm path length. The mixture solution was stirred for more than 4 h in 

dark to reach the adsorption equilibrium prior to experiments. The same laser as the nitrogen fixation reaction 

was employed for the NIR illumination. For each 15-min illumination, 0.5 mL of solution was extracted and 

centrifuged to remove the catalytic nanoparticles. The supernatant was subjected to the absorption 

measurement. 

 

Mechanism of the selective nucleation at the ends of Au NRs. For the Au NRs prepared with CTAB as the 

surfactant, the CTAB chains at the ends are sparser than those at the side of Au NRs, which has been 

confirmed by previous researches.6−10 Two possible mechanisms have been proposed to explain this 

phenomenon. One is from the perspective of the curvature of the surface, named as Mechanism I.7,8 The other 

is based on the consideration of the different facets exposed at the ends and the side of the Au NRs, named as 

Mechanism II.9,10 In Mechanism I, it is generally believed that the curvature at the ends is larger than that at the 

side surface of Au NRs.7,8 Although the use of the curvature to depict the geometry difference between the side 

and ends of the Au NRs is imprecise because the cylindrical surface is curved in one direction, the spherical 

surface at the ends is curved in two directions, and it can effectively reflect the geometrical difference. At 

comparable curvature radii, the spatial density of the molecular chains of the surfactant at the spherical surface 

is smaller than that at the cylindrical surface.7 This mechanism has been employed in many previous 

researches to explain the preferential growth and the oxidation of Au NRs at the ends11,12 and the easier access 

of molecules (titania and silica precursors).7,8 In Mechanism II, it is believed that Au NRs are enclosed with the 

100 and 110 facets at the side surface and the 111 facets at the ends,13−16 and the surfactant molecules 

preferentially bind to the side 110 facets14,15 and 100 facets.9,16 Such a preferential binding results in 

sparser CTAB molecules at the ends than at the side of Au NRs and thereby leads to the selective growth of the 

second material on the ends of Au NRs. This mechanism has been used to explain the preferential adsorption 

of molecules like thiol molecules and Pt species on the ends.9,10,17 
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So far, it still remains elusive to tell which mechanism plays a dominant role. Fortunately, both mechanisms 

give the same result that the density of CTAB molecules at the ends is smaller than that at the side of Au NRs, 

which causes the preferential adsorption of PtCl4
2- on the ends of Au NRs. In addition, it is well known that the 

tips of Au NRs are composed of the 111 facets,13,18 which is favorable for the deposition of Pt nanoparticles 

due to the similar lattice constant to the Pt 111 facets.19 

Based on the above discussion, we proposed a possible mechanism for the preferential nucleation of Pt on 

the ends of Au NRs. Because the CTAB bilayers are less compact at the ends of Au NRs than that on the side 

surface due to the crystal structure and the curvature difference, PtCl4
2- ions preferentially adsorb at two ends 

of the Au NRs with a smaller steric hindrance. In addition, the similar lattice constant of the Pt 111 facets 

with the Au 111 facets at the ends is favorable for the deposition of Pt nanoparticles. The preferential 

nucleation of Pt subsequently guides the selective nucleation and growth of CeO2. 

 

Characterization. Low-magnification transmission electron microscopy (TEM) imaging was carried out on an 

HT7700 electron microscope at 100 kV. High-resolution transmission electron microscopy (HRTEM), high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging and elemental 

mapping were conducted on a FEI Tecani F20 microscopy equipped with an Oxford energy-dispersive X-ray 

analysis system. X-ray photoelectron spectroscopy (XPS) spectra were measured on a Thermo Scientific 

ESCALAB 250Xi spectrometer equipped with an Al K X-ray source (h = 1486.6 eV). The extinction 

spectra of the solution samples were taken on a Hitachi U-3900 ultraviolet/visible/NIR spectrophotometer with 

1.0 cm quartz cuvettes. X-ray diffraction (XRD) patterns were measured on a Rigaku Dmax 2500 PC 

diffractometer equipped with Cu K radiation. Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) was taken out on a PerkinElmer Optima 7300 DV system. Low-temperature electron paramagnetic 

resonance (EPR) spectrum was measured on a Bruker A300 at 77 K. 
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Supporting Figures 

 

 

Figure S1. (a−c) TEM images of three starting Au NR samples. (d) Extinction spectra of three Au NR samples 

before (dashed lines) and after (solid lines) the selective coating of CeO2. The average diameters of the Au 

NRs are 40.6  3.1 nm, 31.6  2.3 nm, and 18.3  1.4 nm, and their longitudinal plasmon resonance 

wavelengths are 718 nm, 738 nm, and 803 nm, respectively. 
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Figure S2. Representative TEM image of the Au NR2/end-CeO2 nanostructures at a low magnification. 

 

 

 

 

Figure S3. Elemental profiles of a single Au/end-CeO2 nanostructure. (a) HAADF-STEM image. (b) 

Elemental profiles of Au, Ce and O acquired along the orange line indicated in (a). 
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Figure S4. EDX spectrum of a representative Au/end-CeO2 nanostructure. 

 

 

 

 

Figure S5. XRD patterns of a representative Au/end-CeO2 nanostructure (blue). The red and orange curves are 

the standard powder diffraction patterns of the face-centered-cubic structure of CeO2 (space group, Fm-3m; 

lattice constant, 0.5411 nm) and the face-centered-cubic structure of Au (space group, Fm-3m; lattice constant, 

0.40796 nm). 
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Figure S6. XPS survey spectrum (a) and high-resolution Au 4f (b), O 1s (c) and Pt 4f (d) XPS spectra of a 

representative Au/end-CeO2 nanostructure. 

 

The elements of Au, Ce, O, C and Ag appear on the XPS spectrum (Figure S6a). The signals of C and Ag 

originate from the surfactant CTAB and the shape-directing agent AgNO3,
3,20 because of the exposure of side 

surface of the Au NRs in the nanostructures. In addition, the high-resolution Au 4f XPS spectrum (87.5 eV and 

83.8 eV) suggests the metallic Au0 state (Figure S6b). The O 1s spectrum can be fitted with two peaks (Figure 

S6c). Peak 1 at 529.4 eV is assigned to crystal lattice oxygen (Ce(IV)−O bond), while peak 2 at 531.3 eV is 

attributed to the chemisorbed water on the CeO2 surface (O−H bond).21 The binding energies of Pt 4f5/2 (73.9 

eV) and Pt 4f7/2 (70.8 eV) are in agreement with platinum metal Pt0 (Figure S6d).22 The small amount of Pt 

element in the Au/end-CeO2 sample can be verified by XPS. The Pt/Ce element ratio is calculated to be 

0.00298 by integrating the peak areas of the high-resolution Pt 4f (Figure S6d) and Ce 3d (Figure 3a) XPS 

peaks using the Lorentzian-Gaussian function with a weight coefficient of 80%. This value is a little smaller 
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than that used in a typical synthesis, which is 0.004. The error is believed to come from the XPS detection 

method which is a surface-sensitive technique for analyzing the elemental compositions. 

 

 

 

Figure S7. Effect of the amount of K2PtCl4 on the selective growth behavior. (a−d) Representative TEM 

images of the products when 0 L (a), 50 L (b), 200 L (c), and 2000 L (d) of K2PtCl4 solution (0.1 mM) 

were used, respectively. 

 

As shown in Figure S7, without K2PtCl4, CeO2 trends to self-nucleate rather than grow on the surface of 

the Au NRs (Figure S7a), indicating that K2PtCl4 is indispensable for the selective CeO2 growth on the Au 

NRs. When the amount of K2PtCl4 is increased to 50 L (0.1 mM), the Au/end-CeO2 nanostructures start to 

form. When the amount of K2PtCl4 is 100−1000 L, CeO2 is selectively coated at the two ends of the Au NRs 

with a uniform morphology (Figure S7c). Further increase of K2PtCl4 leads to the spread of the CeO2 shell 

from the two ends to the middle, and eventually the coating of the entire Au NRs when the amount is more 

than 2000 L (Figure S7d). This result suggests that excess K2PtCl4 starts to adsorb on the side surface of the 

Au NRs after the adsorption is saturated on the two ends. 
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Figure S8. Effect of the CTAB concentration on the selective growth behavior. (a−d) Representative TEM 

images of the products when the concentration of CTAB was 5 M (a), 20 M (b), 50 M (c), and 200 M (d), 

respectively. 

 

The nonuniform distribution of the CTAB molecules on the ends and side surface of Au NRs plays an 

important role in the preferential growth at the ends.7,8 We further studied the effect of the CTAB 

concentration on the selective growth (Figure S8). When the CTAB concentration is lower than 10 M, the 

core@shell nanostructures are formed (Figure S8a). When the concentration of CTAB is in the range of 

20−200 M, the Au/end-CeO2 nanostructures exist as the dominating morphology (Figure S8b,c). The further 

increase of the CTAB concentration makes CeO2 hardly grow on the Au NRs (Figure S8d). The effect of the 

CTAB concentration on the CeO2 growth can be understood by the hindrance of CTAB on the diffusion of 

PtCl4
2- to the Au NR surface. The lower the CTAB concentration, the less the CTAB molecules on the Au NRs 

and consequently the smaller hindrance on PtCl4
2-. The PtCl4

2- can diffuse to the entire surface of the Au NRs, 

inducing the formation of the core@shell nanostructures. As the CTAB concentration increases, the amount of 

CTAB adsorbed on the Au NR surface increases and the hindrance to PtCl4
2- becomes larger. In the case of the 

same surface density of adsorbed CTAB at the side and ends of the Au NRs, the hindrance at the side surface 

is larger than that at the ends due to the smaller curvature of the side. When the CTAB concentration is very 
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high, the CTAB molecules adsorbed on the Au NR surface become extremely dense, which prevents PtCl4
2- 

from diffusing to the Au NR surface. As a result, it is difficult for CeO2 to grow on the Au NRs. 

 

 

Figure S9. Control experiments. (a−c) Representative TEM images of the products grown by the replacement 

of K2PtCl4 with the same amount of H2PtCl6 (a), H2PdCl4 (b), and AgNO3 (c), respectively. (d) TEM image of 

the product grown with Ce(NO3)3 as the ceria precursor. 

 

Control experiments with other noble metal salts (i.e., H2PtCl6, H2PdCl4, and AgNO3) as the oxidants 

were conducted (Figure S9a−c). The CeO2 shells in the products have a tendency to be fully coated, suggesting 

that the redox potential plays an important role in the selective growth. The standard redox potentials (vs the 

standard hydrogen electrode) of the PtCl6
2-/Pt, the AuCl4

-/Au, the Ag+/Ag, the PtCl4
2-/Pt, and the PdCl4

2-/Pd 

redox pairs are +1.44 V,23 +1.0 V,24 +0.80 V,24 +0.76 V,25 and +0.59 V,25 respectively. Because the redox 

potential of PtCl6
2-/Pt is much larger than that of AuCl4

-/Au, PtCl6
2- is unsuitable for the selective coating of 

CeO2 on the Au NRs through the autoredox reaction. It will result in the etching of the Au NRs. The Ag+ ions 

have been reported as a good oxidant for the autoredox reaction with Ce(OH)3.
26,27 However, only the 

core@shell nanostructures are obtained in those works because only Ag+ ions are positively charged among 

the five types of ions. The positive charge makes Ag+ ions adopt a different mechanism to induce the coating 
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of CeO2 on metal nanoparticles. The redox potential of the PdCl4
2-/Pd is smaller than that of the PtCl4

2-/Pt. 

PdCl4
2- has proved impractical for the selective growth of CeO2. The smaller redox potential of the PdCl4

2-/Pd 

leads to a smaller oxidation rate for Ce(OH)3, which might affect the coating kinetics of CeO2. These results 

suggest that an appropriate growth rate forced by a proper redox potential difference between the oxidant and 

Ce(OH)3 as well as an appropriate charge polarity is crucial in the selective growth of CeO2 on the Au NRs. 

The PtCl4
2-/Pt redox pair with a reduction potential of +0.76 V proves to be the right candidate as the oxidant 

with Ce(OH)3 for this selective growth. In addition, when Ce(NO3)3 instead of Ce(AC)3 was used as the ceria 

precursor, no CeO2 layer was observed on the surface of the Au NRs (Figure S9d). These results suggest that 

the proper precursor is also important to the selective CeO2 coating. 
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Figure S10. Singlet oxygen generation with different photocatalysts. (a) Schematic of the reaction between 

ABDA and 1O2. (b−d) Normalized time-dependent absorption spectra of ABDA obtained with the Au NR 

nanostructure (b), the core@shell nanostructure (c), and the Au/end-CeO2 nanostructure (d) as the 

photocatalysts, respectively. (e) Variance of 1O2 generation rates as a function of the time with different 

photocatlysts under NIR illumination. The generation rate constants are calculated by assuming first-order 

reaction kinetics. 
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Figure S11. (a) Absorption spectra of the standard NH4
+ solutions with different concentrations. (b) Linear 

calibration relationship between the absorbance value and the NH4
+ concentration. The coefficient of 

determination for the linear fitting is R2 = 0.99998. 

 

 

Figure S12. (a) Time-dependent ammonia generation for three types of catalysts. (b) Control experiments in 

Ar environment and without catalyst, respectively. 

 

To confirm the source of ammonia, control experiments were performed. No NH3 was detected by 

substituting N2 with Ar (Figure S12b), suggesting that NH3 was generated by the reduction of N2. In addition, 

NH3 did not come from the contamination and the impurity, because no NH3 was detected after bubbling of N2 

under laser illumination for 5 h without the catalyst (Figure S12b). 
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Figure S13. TEM image (a) and high-resolution Ce 3d (b), Au 4f (c), O 1s (d), and Pt 4f (e) XPS spectra of the 

Au/end-CeO2 nanostructures after 2-h N2 photofixation. 

 

To test the stability of the Au/end-CeO2 nanostructures in the N2 photofixation, TEM imaging and high-

resolution XPS study were conducted after 2-h photocatalysis. No significant change is observed in the 

morphology after 2-h photocatalysis (Figure S13a). The high-resolution Ce 3d XPS spectrum exhibits eight 

peaks after 2-h reaction. Six of them can be assigned to the Ce (IV) state and the other two belong to the Ce 

(III) state (Figure S13b). The binding energies at these peak positions are in good agreement with those before 

photocatalysis (Figure 3a). The Ce (IV)/Ce (III) ratio is about 90:10, a litter larger than that of the as-prepared 

sample. In addition, the metallic Au0 (Figure S13c) and Pt0 (Figure S13e) states remain unchanged. As 

expected, the intensity of the peak 2 in the O 1s spectrum significantly increases, which is attributed to the 

chemisorbed water on the CeO2 surface (O−H bond) during photocatalysis. There is no significant change in 

the crystal lattice oxygen state. 
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Figure S14. Plasmonic N2 photofixation under 1 sun illumination. To improve the absorption of sunlight, three 

types of the Au/end-CeO2 samples (Figure 2a−c) were mixed together at a proportion of 6:3:1. TEM image (a) 

and extinction spectrum (b) of three types of the Au/end-CeO2 samples mixed at a proportion of 6:3:1. (c) 

Comparison of the N2 photofixation rates under 1 sun illumination and the 808-nm laser illumination. Reaction 

conditions: catalyst (5.2 mg), methanol and water (2:8, v/v) mixture solution (10 mL), N2 (15 mLmin-1), and 

2-h 1 sun illumination using a 500 W Xenon lamp (CEL-S500, CEAULIGHT) equipped with an AM 1.5G 

filter at an optical power density of 100 mWcm-2. 
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