Auto-Decomposition of Ag+-Citrate Complex Leads to the Formation of Uniform Ag Shell on Citrate-Capped Gold Nanoparticles
Hu Zhua, b, ⁎, Mian Linc, Huili Lic, Furong Xuc, Chunbo Chenb, Zhiqiang Yua, d, ⁎, Bae Hoon Leec, ⁎
a Guangdong Provincial Key Laboratory of New Drug Screening, School of Pharmaceutical Sciences, Southern Medical University, Guangzhou 510515, China 
b Department of Critical Care Medicine, Maoming People’s Hospital, 101 Weimin Road, Maoming, Guangdong 525000, China
c Wenzhou Institute, University of Chinese Academy of Sciences, Wenzhou, Zhejiang 325011, China

d Department of Laboratory Medicine, Dongguan Institute of Clinical Cancer Research, Dongguan 523018, China
⁎ Corresponding authors
E-mail addresses: joseph.hu.zhu@gmail.com (Hu Zhu), yuzq@smu.edu.cn (Zhiqiang Yu), bhlee@wiucas.ac.cn (Bae Hoon Lee).
Experimental section
Materials
All chemicals were used without further purification. Silver nitrate (AgNO3, ≥ 99.9%), gold (III) chloride trihydrate (HAuCl4·3H2O, ≥ 99.9%), sodium citrate (≥ 99.9%), were purchased from Sigma-Aldrich. Milli-Q water was used exclusively in the synthesis of nanoparticles, and the glassware was cleaned by using a freshly prepared aqua regia solution (HCl/HNO3 3:1, v/v, this solution is highly corrosive and should be handled with caution), followed by copious rinsing using Milli-Q water.

Synthesis of AuNPs
AuNPs were synthesized by the Turkevich method using sodium citrate as both the reducing and stabilizing reagent. Specifically, an aqueous solution containing 10 mg HAuCl4·3H2O in 50 mL MilliQ water was heated to boiling. Then, 30 mg sodium citrate in 5 mL MilliQ water was added into the boiling solution under vigorous stirring. The formation of AuNPs was indicated by a color evolution from light yellow to colorless to light gray to purple and finally to wine red (completed within about 5 min). The obtained AuNPs had a diameter of 13 ± 1 nm and a concentration of 0.4 nM. To remove byproducts in the reaction, AuNPs were separated by centrifugation at 10000 rpm for 30 min, and the precipitate was redispersed in a 2.2 mM sodium citrate solution. AuNPs were stored in the refrigerator and used within one week after preparation.

Synthesis of Au-Ag core-shell nanoparticles
For the synthesis of Au-Ag core-shell nanoparticles, a 10 mL AuNPs colloid was first heated to 80 °C in a 15 mL beaker under vigorous stirring in the dark, before a predetermined volume of 24 mM AgNO3 in water was added to arrive at final AgNO3 concentrations of 0.06, 0.12, and 0.26 mM. The reaction was completed within half an hour, during which time an aliquot (100 μL) of the solution was removed and cooled on ice in the dark every two minutes, in order to measure the UV-vis extinction spectra. For the light-assisted synthesis of core-shell nanoparticles, the reaction was carried out under the illumination of a xenon light (CME-SL500, Microenerg Technology Co. Ltd, Beijing) operating at 25 A.

Nanoparticle characterizations
UV-vis spectra of nanoparticles at a wavelength from 300 nm to 800 nm were obtained on a EpochTM 2 microplate spectrophotometer (BioTek®, USA) using a 96-well microplate (Croning®, USA) at room temperature with a scanning step of 1 nm. DLS and zeta potential measurements were conducted on a Zetasizer Nano ZS instrument (Malvern Panalytical Ltd, UK) using disposable polystyrene cuvettes (ratiolab®, Germany). The pH of nanoparticle solution was measured by using a Starter 2100 bench pH meter (OHAUS®, USA). TEM and EDS mapping images of nanoparticles were acquired with a Talos F200S G2 instrument (Thermo Fisher Scientific, USA) fitted with an energy-dispersive x-ray spectroscopy (EDS) microanalyser under a working voltage of 200 kV. For the TEM sample preparation, a 20 μL diluted nanoparticle solution was deposited onto a 200-mesh formvar-/carbon-coated copper TEM grids (Beijing Zhongjingkeyi Technology Co., Ltd., China), and left to dry in air. The size of nanoparticles was measured using the ImageJ software.
The Ag shell thickness, t, can be estimated theoretically based on the concentrations of AgNO3 and AuNPs by using the following equation, assuming complete reduction of AgNO3 into an even distribution of Ag atoms on AuNPs
(n/4)*a3=(4π/3)[(d+r)3-r3]                   Eq. S1

where n is the number of Ag+ ions per AuNP, a the lattice parameter of silver (0.409 nm), r the radius of AuNP (6.5 nm), and d the Ag shell thickness.
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Fig. S1 UV-vis extinction spectra of AuNPs (0.2 nM) in the presence of and 2.2 mM sodium citrate and [AgNO3] = 0.06 mM (a) and 0.12 mM (b) after heating at 80 °C in the dark for 0-24 min.
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Fig. S2 UV-vis extinction spectra of a reaction solution in the absence of AuNPs. The concentrations of sodium citrate and AgNO3 are 2.2 mM and 0.06 mM, respectively.  The reaction was carried out at 80 °C in the dark, and only UV-vis spectra within 20 min was shown, but the spectrum remained unchanged for two hours, the longest time investigated.
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Fig. S3 UV-vis extinction spectra of 0.2 nM AuNPs in the presence of 0.26 mM AgNO3 and 2.2 mM sodium citrate after heating at 80 °C and under the illumination of a xenon light operating at 25 A for 0-24 min. Similar to the thermally induced reaction carried out in the dark in Fig. 1, the reaction could be divided into three stages according to the changes in extinction intensity at 600-900 nm. However, under illumination the characteristic LSPR peak associated with Ag nanoparticles appeared much earlier in the reaction and the formation of Ag nanoparticles had little effect on the LSPR peak shape and position associated with AuNPs. This indicates lack of Au-Ag core-shell nanoparticle formation. Instead, illumination-induced the photo decomposition of Ag+-citrate complexes in the bulk to form Ag nanoparticles. 
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Fig. S4 Representative HRTEM images (a) followed by EDS elemental mapping images (b, c, and d) of Au-Ag core-shell nanoparticles synthesized at 80 °C and under the illumination of a xenon light operating at 25 A. The results show that the nanoparticles at the end of reaction included pure Au and Ag nanoparticles as well as Au-Ag core-shell nanoparticles. In addition, the core-shell nanoparticles suffered from poor size and shape uniformity. This is due to the photo-induced decomposition of Ag+-citrate complexes in the bulk as well as SPR-mediated reduction of Ag+ ions on the surface of Au nanoparticles. 
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Fig. S5 Light induced decomposition of Ag+-citrate complex in the absence of AuNPs. a, UV-vis extinction spectra of a solution containing 2.2 mM sodium citrate and 0.26 mM AgNO3 after illumination by a xenon light operating at 25 A for 0-32 min. b, A representative TEM image of ununiform Ag nanoparticles resulted by photo induced decomposition of Ag+-citrate complex. Inset is an optical photo of the Ag colloid. The obtained Ag nanoparticles exhibited a high dispersity in terms of shape and size, which accounts for the multiple LSPR peaks in the UV-vis spectrum.
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