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ABSTRACT 

Compared to monometallic nanocrystals (NCs), bimetallic ones often exhibit superior properties 

due to their wide tunability in structure and composition. A detailed understanding of their 

synthesis at the atomic scale provides crucial knowledge for their rational design. Here, exploring 

the Pt-Sn bimetallic system as an example, we study in detail the synthesis of PtSn NCs using in 

situ synchrotron X-ray scattering. We show that when Pt(II) and Sn(IV) precursors are used, in 

contrast to a typical simultaneous reduction mechanism, the PtSn NCs are formed through an initial 

reduction of Pt(II) to form Pt NCs, followed by the chemical transformation from Pt to PtSn. The 

kinetics derived from the in situ measurements shows fast diffusion of Sn into the Pt lattice 

accompanied by re-ordering of these atoms into intermetallic PtSn structure within 300 s at the 

reaction temperature (~280 oC). This crucial mechanistic understanding enables the synthesis of 

well-defined PtSn NCs with controlled structure and composition via a seed-mediated approach. 

This type of in situ characterization can be extended to other multicomponent nanostructures to 

advance their rational synthesis for practical applications. 
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MAIN TEXT 

Recent advances in colloidal chemistry have enabled the successful synthesis of various bimetallic 

nanocrystals (NCs).1 Compared to monometallic systems, bimetallic NCs offer more opportunities 

to tune their structure and composition, which can lead to superior properties in catalysis,2-4  

magnetism,5-6 and plasmonics.7-8 Therefore, many different synthetic strategies have been 

developed to synthesize bimetallic NCs, including simultaneous reduction of different metal salt 

precursors,9 decomposition of metal(0) precursors10 or a combination of decomposition and 

reduction11 depending on the choice of metal precursors and reaction conditions. Alternatively, 

bimetallic NCs have been prepared through seed-mediated growth in which pre-synthesized 

monometallic NCs serve as a template to incorporate a second element12-15 or as a sacrificial 

component reacts with another metal precursor via galvanic replacement.16 With all these 

possibilities, detailed knowledge of the formation processes to produce bimetallic NCs is crucial 

for advancing their syntheses and applications where the atomic structure can play an important 

role in determining their properties.  

The fast development of in situ characterization techniques offers new opportunities to 

study and understand the formation mechanisms of NCs.17-18 Direct observation of the growth of 

NCs, mainly monometallic ones such as Au,19-21 Ag,22-24 Pt,25 Pd,26-29  Fe,30 and Co NCs,31 with 

high spatial and temporal resolution, has been demonstrated using synchrotron X-ray scattering 

techniques. However, challenges still exist in probing the formation of multi-component NCs due 

to increased complexity in these systems.32-36 In addition, in many cases the systems used for in 

situ studies are quite different from typical lab-scale synthesis, which may lead to different reaction 

kinetics/pathways. It is strongly desirable to perform in situ studies under ‘realistic’ synthetic 

conditions. 
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Very recently, we demonstrated that a customized flask reactor can be used for studying in 

situ syntheses of NCs in which typical synthetic conditions are readily replicated. With this method 

we showed how different ligands affected the formation kinetics of Pd NCs and their crystallization 

into three-dimensional (3D) superlattices via in situ small-angle X-ray scattering (SAXS).26-27 In 

this Letter, we further modify the reactor such that wide-angle X-ray scattering (WAXS) is coupled 

with SAXS to enable real-time study of NC atomic structures as well, which is critically important 

for understanding the growth of multicomponent NCs. With real-time SAXS/WAXS, we 

investigate the synthesis of bimetallic Pt-Sn NCs, a system that exhibits unique stoichiometry-

dependent crystalline structures,37-40 and structure-dependent catalytic properties in many 

important chemical reactions, such as electro-oxidation reactions in fuel cells,41-43 

hydrogenation,44 and dehydrogenation reactions.45-47 We demonstrate a unique NC transformation 

from Pt NCs to PtSn NCs during the synthesis. Detailed analysis of the scattering results reveals 

fast volumetric expansion and transformation kinetics of these NCs within ~300 s.  These in situ 

observations not only advance our understanding of the growth of PtSn NCs, but also provide the 

guidelines for preparing well-defined multimetallic NCs with controlled size, composition, and 

structure for technological applications. 

We used synchrotron X-ray scattering to probe in situ the synthesis of PtSn NCs (Figure 

S1), in which Pt(acac)2 (acac = acetylacetonate) and Sn(acac)2Cl2 were used as metal precursors 

(Pt:Sn molar ratio = 1:1), oleylamine was used as the stabilizing ligand, and 1-octadecene was 

used as the solvent (Supporting Information, SI). The reaction mixture was heated from 110 oC to 

280 oC at a rate of ~15 oC min-1 and maintained at 280 oC for 30 min. The reaction time was set as 

t = 0 s at 110 oC at the beginning of the heating process (Figure S2a). During this process, 

SAXS/WAXS patterns were consecutively acquired at an exposure time of 5 s each. The obtained 
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2D scattering patterns were integrated into 1D data.48 Representative time-resolved SAXS patterns 

are shown in Figure 1a. The scattering intensity started to increase when the solution reached 210 

oC at ~300 s, indicating the formation of nuclei from the reduction process. As the reaction 

continued, the intensity of the SAXS patterns increased at q < 0.1 Å-1 suggesting volumetric 

increase of the NCs. This process was accompanied by the development of two diffraction peaks 

at q = 2.76 Å-1 and 3.19 Å-1, which correspond well with the (111) and (200) diffraction peaks of 

face-centered cubic (fcc) Pt phase (Figure S3a). This result demonstrates that monometallic Pt 

NCs were formed at an early stage of the synthesis. The preferential nucleation of monometallic 

Pt NCs can be ascribed to more positive reduction potential of Pt2+ species (1.18 V) compared to 

Sn4+ ones (0.01 V).49 Despite being in an organic solution, these values are valid to infer that Pt 

would be reduced more easily than Sn. The intensity of the Pt diffraction peaks increased between 

341 s and 363 s and then gradually decreased, while three new peaks appeared in the WAXS 

patterns at q = 2.10 Å-1, 2.90 Å-1, and 3.06 Å-1. These new peaks can be ascribed to the (101), 

(102), and (110) diffraction peaks of the intermetallic hexagonal PtSn phase (Figure S3b). The 

formation of the ordered structure rather than random alloy is ascribed to the favorable formation 

enthalpy of the intermetallic PtSn.40, 50 After ~700 s, the SAXS and WAXS patterns did not change 

indicating the completion of the reaction. 

Although PtSn NCs can be successfully prepared via reduction of the two metal precursors, 

the final NCs are polydisperse in size and shape, and possibly in composition as well (Figure 1c), 

which is in line with the fact that there is no clear form factor feature in the SAXS patterns (Figure 

1a). This polydispersity is likely due to the poorly formed Pt seeds during the reduction reaction. 

However, the in situ measurements clarify that bimetallic PtSn NCs are not formed through co-

reduction of Pt(II) and Sn(IV) precursors, but through the conversion from pre-formed Pt NCs 
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(Figure 1d). The mechanistic understanding therefore provides an important guideline to 

synthesize bimetallic PtSn NCs in a controlled way: seed-mediated approach using well-defined 

Pt NCs should result in high-quality PtSn NCs since uniform Pt NCs have been well 

documented.51-53  

 

Figure 1. In situ characterization of PtSn NCs from the reduction of metal precursors. (a) 

Representative SAXS patterns of the NCs during the synthesis. The reaction time is set as t = 0 s 

at 110 oC. (b) Representative WAXS patterns of the NCs during the synthesis. The patterns are 

offset for clarity. Peaks are marked with * for Pt phase and ◊ for PtSn phase. (c) TEM image of the 

final PtSn NCs. (d) Schematic illustration of the growth mechanism of PtSn NCs during the 

synthesis.  

 

We therefore tested our hypothesis using the seed-mediated approach by replacing the 

Pt(acac)2 precursor with pre-formed monometallic Pt NCs. The Pt NCs were prepared following a 

previously reported procedure,51 which show a cubic shape and an edge length of 6.0 ± 0.6 nm 
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(Figure 2a), consistent with the size measured by SAXS (5.7 ± 0.8 nm, Figure S4). High-

resolution TEM (HR-TEM) characterization of an individual NC (Figure 2b) shows clear lattice 

fringes with a spacing of 1.98 Å, which agrees well with the spacing of the fcc-Pt (200) planes 

(1.96 Å). Similar to the previous reduction reaction, the molar ratio of Pt:Sn in the seed-mediated 

synthesis was kept at 1:1 (SI). The synthesis was monitored in situ by SAXS/WAXS. Figure 3a 

shows representative SAXS patterns of NCs during the synthesis. By fitting the SAXS patterns 

(Figure S5), we were able to monitor NC volumetric change. As shown in Figure 3c, NCs did not 

grow in the first 300 s of the synthesis, suggesting that at this stage the reaction temperature is not 

sufficiently high to reduce the Sn(IV) precursor. The simultaneously collected WAXS patterns are 

shown in Figure 3b and S6. Close inspection of the WAXS patterns revealed that there was no 

obvious change in Pt (111) peak intensity during this period (Figure 3c). As the reaction 

temperature increased above ~210 oC after 300 s (Figure S2b), NC volume started to increase due 

to the incorporation of Sn in the Pt NCs. Quantitative analysis of SAXS revealed that the NCs 

doubled in volume between 300 s and 600 s (Figure 3c). Afterwards, these NCs did not grow 

further, suggesting a complete reduction of the Sn(IV) precursor and diffusion of Sn atoms inside 

Pt NC seeds.  
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Figure 2. Electron microscopy characterization of the NCs from the seed-mediated synthesis. (a) 

TEM image of the Pt NCs. (b) HR-TEM image of an individual Pt NC. (c) TEM image of the PtSn 

NCs obtained from the seed-mediated synthesis. (d) HR-TEM image of a representative PtSn NC. 

(e) STEM imaging and (f-h) STEM-EDS mapping of two representative PtSn NCs. 

 

Over the course of NC volumetric expansion, the diffraction intensity of Pt NCs decreased 

concurrently (Figure 3b, 3c), indicating fast diffusion of Sn atoms inside Pt NC seeds. Meanwhile, 

new diffraction peaks from intermetallic hexagonal PtSn phase appeared. HR-TEM image of a 

representative intermediate nanocrystal formed at 450 s shows the shrinking Pt core with some 

PtSn crystalline domains on the shell (Figure S7). At ~600 s, the fcc-Pt phase disappeared 

completely (Figure 3c), and the diffraction intensity from PtSn phase increased to 58 % of its 

maximum value (Figure 3d). The elevated reaction temperature (>260 oC) facilitates the 

crystallization of the PtSn phase and its diffraction intensity continued to increase reaching its 

 

20 nm 

2 nm 20 nm 

Pt Sn PtSn 10 nm 

e f g h 

2 nm 20 nm 

a b 

c d 



 

 

9 

maximum at ~1100 s (Figure 3d). The transformation kinetics can be fitted using the Kolmogorov-

Johnson-Mehl-Avrami model,54 as expressed by the equation 

𝛼 = 1 − exp⁡{−[𝑘(𝑡 − 𝑡0)]
𝑛} 

where 𝛼 is the extent of crystallization, 𝑘 = 0.00324 is the rate constant, t is the reaction time, t0 = 

330 s is the induction time for crystallization, and n = 1.325 is the Avrami exponent (Figure 3d). 

The good fit with the classic model demonstrates this nanoscale reaction follows a typical solid-

state phase transformation. Moreover, the Avrami exponent is close to 1.5, suggesting that the 

growth of the hexagonal PtSn phase is a diffusion-controlled process where the rate is determined 

by the diffusion of Sn atoms into Pt NC seeds.55 

 

Figure 3. In situ characterization of PtSn NCs from the seed-mediated synthesis. (a) 

Representative SAXS patterns of the NCs during the synthesis. The reaction time is set as t = 0 s 

at 110 oC at the very beginning of the heating process. (b) Representative WAXS patterns of the 
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NCs during the synthesis. The patterns are offset for clarity. The positions of Pt (111) peak and 

PtSn (102) peak are highlighted in blue and red dashed lines, respectively. (c) The normalized 

intensity of Pt (111) peak (blue plot) and volumetric increase of the NCs (green plot) as a function 

of reaction time. (d) The normalized intensity of PtSn (102) peak (dotted plot) and its 

corresponding kinetic fit (red curve). In the normalized peak intensity, 100 % indicates the 

maximum intensity of that diffraction peak measured during the synthesis. 

 

The obtained intermetallic PtSn NCs from the seed-mediated approach were further 

characterized after the synthesis. The molar ratio of Pt:Sn was measured to be 49:51 using energy 

dispersive X-ray spectroscopy (EDS). TEM images in Figure 2a,c confirm that the final PtSn NCs 

increased in size compared to the initial Pt NCs. It is worth emphasizing that moving from a 

reduction to a seed-mediated synthesis as guided by the in situ characterization allowed us to 

improve the quality of the PtSn NCs (Figure 1c). HR-TEM image of an individual PtSn NC 

(Figure 2d) shows clear lattice fringes with a spacing of 2.13 Å, corresponding to the (102) planes 

of intermetallic PtSn (spacing = 2.16 Å). Figure 2e is the high-angle annular dark field scanning 

transmission electron microscopy (STEM) image of two representative PtSn NCs and Figure 2f-

h are the corresponding EDS elemental mapping. These results, together with the STEM-EDS line 

scan (Figure S8), demonstrate that the Pt and Sn are homogeneously distributed in the PtSn NCs. 

The crystal structure of these NCs was also studied by ex situ X-ray diffraction (XRD) (Figure 

S9), further demonstrating successful chemical transformation from fcc-Pt to hexagonal 

intermetallic PtSn. 
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Figure 4. In situ characterization of the Pt4Sn NCs from the seed-mediated synthesis. (a) 

Representative SAXS patterns of the NCs during the synthesis. The reaction time is set as t = 0 s 

at 110 oC at the very beginning of the heating process. (b) Volumetric increase of the NCs as a 

function of reaction time. (c) Representative WAXS patterns of the NCs at different reaction time. 

The patterns are offset for clarity. The fcc structure maintains during the entire reaction.  

 

Figure 5. Electron microscopy characterization of the Pt4Sn NCs. (a) TEM image of the Pt4Sn 

NCs from the seed-mediated synthesis. (b) HR-TEM image of a representative Pt4Sn NC. (c) 

STEM imaging and (d-e) STEM-EDS mapping of a representative Pt4Sn NC. 
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Engineering the structure and composition of bimetallic NCs is critically important for 

tuning their properties. Our results clearly guide us in further controlling the composition of Pt-Sn 

bimetallic NCs. For example, starting with a 3:1 molar ratio of Pt:Sn, we observed similar NC 

growth in size (volume) during the seed-mediated synthesis, as demonstrated by the change of 

real-time SAXS patterns (Figure 4a). Due to less Sn(IV) precursor used, the NC volume increased 

by 31% as measured from SAXS (Figure 4b), which is smaller than the volumetric increase 

(101%) observed in the synthesis of PtSn NCs. The molar ratio of Pt:Sn of the obtained NCs was 

measured to be 4:1 by EDS. The TEM image of the Pt4Sn NCs (Figure 5a) shows a size of 6.8 ± 

0.6 nm, which is ~0.8 nm larger than that of the initial Pt NCs. Different from the phase change 

observed in intermetallic PtSn NCs (Figure 1b and 3b), real-time WAXS patterns indicated that 

the NCs maintained the fcc structure during the entire reaction (Figure 4c and S10). Close 

inspection of the XRD patterns showed that the average crystallite size derived from the Scherrer 

equation56 increased by ~0.6 nm (Figure S11), which is consistent with the SAXS and TEM 

measurements. The peaks also shifted in position to lower q, indicating an increased lattice 

parameter by alloying Sn (Figure S11b). The lattice expansion was also confirmed by larger (111) 

lattice spacing (2.32 Å, Figure 5b) compared to that of the Pt phase (2.27 Å). STEM-EDS analysis 

(Figure 5c-e and S12) further showed that Pt and Sn are homogeneously distributed in the Pt4Sn 

NCs. We should emphasize that by changing the molar ratio of Pt NC seeds and Sn (IV) precursor, 

one could synthesize Pt-Sn bimetallic NCs with other compositions and structures using the seed-

mediated approach. Moreover, this seed-mediated synthesis can be readily extended to other PdM 

(M = Sn, Cu) bimetallic systems (Figure S13), demonstrating a general approach to synthesizing 

different multimetallic nanocrystals for various applications.  
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In summary, we have demonstrated in situ studies of the synthesis of bimetallic PtSn NCs 

under ‘realistic’ conditions, which can be readily applied in lab-scale synthesis, using synchrotron 

SAXS/WAXS. We have shown that the PtSn NCs are formed through seed-mediated growth on 

pre-formed Pt NC template rather than simultaneous reduction of Pt(II) and Sn(IV) precursors. 

Using well-defined Pt NCs as the seed, we have studied in detail the chemical transformation from 

fcc-Pt to hexagonal PtSn. The conversion kinetics derived from SAXS/WAXS shows a fast 

diffusion of Sn atoms into Pt lattice leading to the disappearance of the Pt phase within 300 s, 

which is accompanied by the formation of a new hexagonal PtSn phase due to the re-ordering of 

Pt and Sn atoms under reaction conditions. By changing the molar ratio of Pt:Sn for the synthesis, 

we have demonstrated that the structure and composition of Pt-Sn bimetallic NCs can be 

elaborately controlled using the seed-mediated approach. This in situ study advances our 

understanding of the synthesis of bimetallic NCs which enables better synthetic control of these 

NCs. Moreover, the in situ measurements presented here can be readily extended to other 

multicomponent systems where the formation mechanism is desired to direct their rational 

synthesis.  

ASSOCIATED CONTENT  

Supporting Information 

Details on synthesis, in situ characterization, and supplementary figures S1-S13. The material is 

available free of charge on the ACS Publications website at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

http://pubs.acs.org/


 

 

14 

*(M.C.) E-mail: mcargnello@stanford.edu  

*(C.J.T) E-mail: tassone@slac.stanford.edu  

Notes 

The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

This work was supported by the US Department of Energy (DOE), Office of Energy Efficiency 

and Renewable Energy, Advanced Manufacturing Office under FWP 100250. The use of Stanford 

Synchrotron Radiation Lightsource at SLAC National Accelerator Laboratory was supported by 

the DOE Office of Basic Energy Sciences, under Contract No. DE-AC02-76SF00515. J.J.W. 

acknowledges support from the DOE Office of Sciences, Office of Basic Energy Sciences, to the 

SUNCAT Center for Interface Science and Catalysis. M.C. acknowledges support from the School 

of Engineering at Stanford University and from a Terman Faculty Fellowship. Part of this work 

was performed at the Stanford Nanoshared Facilities (SNSF), supported by the National Science 

Foundation under award ECCS-1542152. 

REFERENCES 

1. Gilroy, K. D.; Ruditskiy, A.; Peng, H. C.; Qin, D.; Xia, Y. N. Chem. Rev. 2016, 116, 10414-

10472. 

2. Chen, C.; Kang, Y. J.; Huo, Z. Y.; Zhu, Z. W.; Huang, W. Y.; Xin, H. L. L.; Snyder, J. D.; Li, 

D. G.; Herron, J. A.; Mavrikakis, M.; Chi, M. F.; More, K. L.; Li, Y. D.; Markovic, N. M.; 

Somorjai, G. A.; Yang, P. D.; Stamenkovic, V. R. Science 2014, 343, 1339-1343. 

3. Li, Q.; Wu, L.; Wu, G.; Su, D.; Lv, H.; Zhang, S.; Zhu, W.; Casimir, A.; Zhu, H.; Mendoza-

Garcia, A.; Sun, S. Nano Lett. 2015, 15, 2468-2473. 

4. Bu, L.; Zhang, N.; Guo, S.; Zhang, X.; Li, J.; Yao, J.; Wu, T.; Lu, G.; Ma, J. Y.; Su, D.; Huang, 

X. Science 2016, 354, 1410-1414. 

5. Kim, J. M.; Rong, C. B.; Liu, J. P.; Sun, S. H. Adv. Mater. 2009, 21, 906-909. 

6. Wu, L.; Mendoza-Garcia, A.; Li, Q.; Sun, S. Chem. Rev. 2016, 116, 10473–10512. 

mailto:mcargnello@stanford.edu
mailto:tassone@slac.stanford.edu


 

 

15 

7. Chen, J. Y.; Wiley, B.; McLellan, J.; Xiong, Y. J.; Li, Z. Y.; Xia, Y. N. Nano Lett. 2005, 5, 

2058-2062. 

8. Mayer, M.; Scarabelli, L.; March, K.; Altantzis, T.; Tebbe, M.; Kociak, M.; Bals, S.; de Abajo, 

F. J. G.; Fery, A.; Liz-Marzan, L. M. Nanowires. Nano Lett. 2015, 15, 5427-5437. 

9. Wu, J. B.; Zhang, J. L.; Peng, Z. M.; Yang, S. C.; Wagner, F. T.; Yang, H. J. Am. Chem. Soc. 

2010, 132, 4984-4985. 

10. Rutledge, R. D.; Morris, W. H.; Wellons, M. S.; Gai, Z.; Shen, J.; Bentley, J.; Wittig, J. E.; 

Lukehart, C. M. J. Am. Chem. Soc. 2006, 128, 14210-14211. 

11. Sun, S. H.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science 2000, 287, 1989-1992. 

12. Chen, W.; Yu, R.; Li, L. L.; Wang, A. N.; Peng, Q.; Li, Y. D. Angew. Chem. Int. Ed. 2010, 49, 

2917-2921. 

13. Zhu, H. Y.; Sigdel, A.; Zhang, S.; Su, D.; Xi, Z.; Li, Q.; Sun, S. H. Angew. Chem. Int. Ed. 

2014, 53, 12508-12512. 

14. Kim, D.; Xie, C. L.; Becknell, N.; Yu, Y.; Karamad, M.; Chan, K.; Crumlin, E. J.; Norskov, J. 

K.; Yang, P. D. J. Am. Chem. Soc. 2017, 139, 8329-8336. 

15. Xi, Z.; Li, J. R.; Su, D.; Muzzio, M.; Yu, C.; Li, Q.; Sun, S. H. J. Am. Chem. Soc. 2017, 139, 

15191-15196. 

16. Xia, X. H.; Wang, Y.; Ruditskiy, A.; Xia, Y. N. Adv. Mater. 2013, 25, 6313-6333. 

17. Liao, H. G.; Zherebetskyy, D.; Xin, H. L.; Czarnik, C.; Ercius, P.; Elmlund, H.; Pan, M.; Wang, 

L. W.; Zheng, H. M. Science 2014, 345, 916-919. 

18. Li, T.; Senesi, A. J.; Lee, B. Chem. Rev. 2016, 116, 11128–11180. 

19. Abecassis, B.; Testard, F.; Spalla, O.; Barboux, P. Nano Lett. 2007, 7, 1723-1727. 

20. Polte, J.; Ahner, T. T.; Delissen, F.; Sokolov, S.; Emmerling, F.; Thunemann, A. F.; Kraehnert, 

R. J. Am. Chem. Soc. 2010, 132, 1296-1301. 

21. Polte, J.; Erler, R.; Thunemann, A. F.; Sokolov, S.; Ahner, T. T.; Rademann, K.; Emmerling, 

F.; Kraehnert, R. ACS Nano 2010, 4, 1076-1082. 

22. Peng, S.; Okasinski, J. S.; Almer, J. D.; Ren, Y.; Wang, L.; Yang, W.; Sun, Y. J. Phys. Chem. 

C 2012, 116, 11842-11847. 

23. Takesue, M.; Tomura, T.; Yamada, M.; Hata, K.; Kuwamoto, S.; Yonezawa, T. J. Am. Chem. 

Soc. 2011, 133, 14164-14167. 

24. Liu, Q.; Gao, M. R.; Liu, Y.; Okasinski, J. S.; Ren, Y.; Sun, Y. Nano Lett. 2016, 16, 715-20. 

25. Cheong, S.; Watt, J.; Ingham, B.; Toney, M. F.; Tilley, R. D. J. Am. Chem. Soc. 2009, 131, 

14590-14595. 

26. Wu, L.; Willis, J. J.; McKay, I. S.; Diroll, B. T.; Qin, J.; Cargnello, M.; Tassone, C. J. Nature 

2017, 548, 197-201. 

27. Wu, L.; Lian, H.; Willis, J. J.; Goodman, E. D.; McKay, I. S.; Qin, J.; Tassone, C. J.; Cargnello, 

M. Chem. Mater. 2018, 30, 1127−1135. 

28. Ortiz, N.; Hammons, J. A.; Cheong, S.; Skrabalak, S. E. ChemNanoMat 2015, 1, 109-114. 

29. Wang, J. A.; Winans, R. E.; Anderson, S. L.; Seifert, S.; Lee, B.; Chupas, P. J.; Ren, Y.; Lee, 

S.; Liu, Y. Z. J. Phys. Chem. C 2013, 117, 22627-22635. 

30. Sun, Y.; Zuo, X.; Sankaranarayanan, S.; Peng, S.; Narayanan, B.; Kamath, G. Science 2017, 

356, 303-307. 

31. Cormary, B.; Li, T.; Liakakos, N.; Peres, L.; Fazzini, P. F.; Blon, T.; Respaud, M.; Kropf, A. 

J.; Chaudret, B.; Miller, J. T.; Mader, E. A.; Soulantica, K. J. Am. Chem. Soc. 2016, 138, 8422-

8431. 



 

 

16 

32. Abecassis, B.; Bouet, C.; Garnero, C.; Constantin, D.; Lequeux, N.; Ithurria, S.; Dubertret, B.; 

Pauw, B. R.; Pontoni, D. Nano Lett. 2015, 15, 2620-2626. 

33. Kwon, S. G.; Krylova, G.; Phillips, P. J.; Klie, R. F.; Chattopadhyay, S.; Shibata, T.; Bunel, E. 

E.; Liu, Y. Z.; Prakapenka, V. B.; Lee, B.; Shevchenko, E. V. Nat. Mater. 2015, 14, 215-223. 

34. Gromova, M.; Lefrancois, A.; Vaure, L.; Agnese, F.; Aldakov, D.; Maurice, A.; Djurado, D.; 

Lebrun, C.; de Geyer, A.; Schulli, T. U.; Pouget, S.; Reiss, P. J. Am. Chem. Soc. 2017, 139, 

15748-15759. 

35. Moreau, L. M.; Schurman, C. A.; Kewalramani, S.; Shahjamali, M. M.; Mirkin, C. A.; Bedzyk, 

M. J. J. Am. Chem. Soc. 2017, 139, 12291-12298. 

36. Saha, D.; Jensen, K. M.; Tyrsted, C.; Bojesen, E. D.; Mamakhel, A. H.; Dippel, A. C.; 

Christensen, M.; Iversen, B. B. Angew. Chemie. Int. Ed. 2014, 53, 3667-70. 

37. Durussel, P.; Massara, R.; Feschotte, P. J. Alloy. Compd. 1994, 215, 175-179. 

38. Cable, R. E.; Schaak, R. E. J. Am. Chem. Soc. 2006, 128, 9588-9589. 

39. Wang, X. D.; Altmann, L.; Stover, J.; Zielasek, V.; Baumer, M.; Al-Shamery, K.; Borchert, H.; 

Parisi, J.; Kolny-Olesiak, J. Chem. Mater. 2013, 25, 1400-1407. 

40. DeSario, D. Y.; DiSalvo, F. J. Chem. Mater. 2014, 26, 2750-2757. 

41. Liu, Z. F.; Jackson, G. S.; Eichhorn, B. W. Angew. Chem. Int. Ed. 2010, 49, 3173-3176. 

42. Liu, Y.; Li, D. G.; Stamenkovic, V. R.; Soled, S.; Henao, J. D.; Sun, S. H. ACS Catal. 2011, 1, 

1719-1723. 

43. Du, W.; Yang, G.; Wong, E.; Deskins, N. A.; Frenkel, A. I.; Su, D.; Teng, X. J. Am. Chem. Soc. 

2014, 136, 10862-5. 

44. Liu, M. M.; Tang, W. Q.; Xie, Z. H.; Yu, H. B.; Yin, H. F.; Xu, Y. S.; Zhao, S. L.; Zhou, S. H. 

ACS Catal. 2017, 7, 1583-1591. 

45. Sattler, J. J. H. B.; Ruiz-Martinez, J.; Santillan-Jimenez, E.; Weckhuysen, B. M. Chem. Rev. 

2014, 114, 10613-10653. 

46. Wu, J.; Peng, Z. M.; Bell, A. T. J. Catal. 2014, 311, 161-168. 

47. Xiong, H. F.; Lin, S.; Goetze, J.; Pletcher, P.; Guo, H.; Kovarik, L.; Artyushkova, K.; 

Weckhuysen, B. M.; Datye, A. K. Angew. Chem. Int. Ed. 2017, 56, 8986-8991. 

48. Ilavsky, J.; Jemian, P. R. J. Appl. Crystallogr. 2009, 42, 347-353. 

49. Vanýsek, P., Electrochemical series. In CRC Handbook of Chemistry and Physics, Lide, D. 

R., Ed. CRC  Press: Boca Raton, FL, 2005. 

50. Yan, Y.; Du, J. S.; Gilroy, K. D.; Yang, D.; Xia, Y.; Zhang, H. Adv. Mater. 2017, 29, 1605997. 

51. Wang, C.; Daimon, H.; Onodera, T.; Koda, T.; Sun, S. H. Angew. Chem. Int. Ed. 2008, 47, 

3588-3591. 

52. Wu, B.; Zheng, N.; Fu, G. Chem. Commun. 2011, 47, 1039-1041. 

53. Cargnello, M.; Doan-Nguyen, V. V. T.; Gordon, T. R.; Diaz, R. E.; Stach, E. A.; Gorte, R. J.; 

Fornasiero, P.; Murray, C. B. Science 2013, 341, 771-773. 

54. Avrami, M. J. Chem. Phys. 1941, 9, 177-184. 

55. Papon, P.; Leblond, J.; Meijer, P. H. E., The Physics of Phase Transitions: Concepts and 

Applications. Springer: Berlin, Heidelberg, 2006, p 66-70. 

56. Warren, B. E. X-ray Diffraction. Dover Publications Inc.: New York, 1990, p 251-257. 

 

TOC Graphic 



 

 

17 

 

 

2.0 2.5 3.0 3.5 4.0

P
tS

n 
(1

01
)

P
tS

n 
(1

10
)

P
tS

n 
(1

02
)

P
t (

20
0)

In
te

n
s
it
y
 (

a
.u

.)

q (Å
-1
)

0

600

1200

1800

T
im

e
 (

s
)P

t(1
11

)




