Supplementary information

Anisotropic elastic strain in Pt-Co catalyst nanoparticles measured by correlated atomic resolution imaging and spectroscopy 

[bookmark: _GoBack]Xiaonan Luo1, Aakash Varambhia2, Weixin Song1, Zhao Shen1, Alex Sheader1, Dogan Ozkaya2, Sergio Lozano-Perez1, Peter D. Nellist1

1Department of Materials, University of Oxford, Parks Road, OX1 3PH, Oxford, UK
2Johnson Matthey Technology Centre, Sonning Common, RG4 9NH, Reading, UK


Contents
1. Converting tensors between Cartesian and Spherical-Polar bases
2. 2D and 3D local lattice parameter calculation
3. EDS and EELS quantifications
4. Vegard’s law prediction
5. Estimated number of atoms calculation
6. Error analysis for spectroscopic quantifications
7. Reliability and accuracy of composition quantification
8. Simultaneous strain and composition quantifications on 12 on-axis nanoparticles
9. Atom counting of the dark patches in the leached nanoparticles
10. Composition quantification on 200 off-axis nanoparticles
11. Strain analyses of pure Pt nanoparticles
12. Magnification calibration for the Scanning Transmission Electron Microscope (STEM)
13. References


1. Converting tensors between Cartesian and Spherical-Polar bases
Most studies expressed the strain tensors using Cartesian coordinate system to demonstrate materials deformation behaviours 1-3. However, in the case of nanoparticles, using radial and circumferential strains makes it more convenient to study spherically distributed deformation and the corresponding boundary problems. The general basis change formulas for tensors from 2D Cartesian base to 2D Spherical-Polar base is given by:
	
	
	Eq. S1


Where  is the strain tensor in the 2D Cartesian coordinate system.  indicates the polar angle.

2. 2D and 3D local lattice parameter calculation
	
	
	Eq. S2



	
	
	Eq. S3


Where  is the reference lattice parameter.

3. EDS and EELS quantifications
The partial scattering cross-section method for both EDS and EELS quantification was used to count Pt and Co atoms. Our previous work had calibrated the experimental EDS and EELS partial scattering cross-sections of a single Pt or Co atom using needle standards in the same electron microscope with the same detectors and optics setting 5. The number of atoms within each pixel can be calculated by dividing the cross-section of a single atom by the total cross-section of this pixel. 

When dealing with nanoparticles, absorption, channelling, multiple scattering and fluorescence effects are negligible for EDS quantification 6. The areal density of atoms quantified using the EDS signals is calculated by the following equation:
	
	
	Eq. S4


Where  is the raw x-ray counts of EDS peaks after background removal, for Pt, L+M peaks; for Co,  peaks; e is the electronic charge; i is the probe current during experiments;  is the exposure time of each pixel and  represents the experimentally measured EDS scattering cross section of a single atom.  By multiplying this density by an area of interest, the number of atoms in that area projected through the sample can be counted.

Similarly, the areal density of atoms quantified using the EELS signals is given by:
	
	
	Eq. S5


Where  is the integrated core-edge intensity after background removal, for Co, L2+L3 edges.  is the integrated intensity of the zero-loss peak. and  are the acquisition time of the core loss spectrum and low loss spectrum in each pixel, respectively.  represents the experimentally measured EELS scattering cross section of a single atom. Here, for thin specimens such as nanoparticles, the multiple scattering can be neglected for EELS quantification 7.

4. Vegard’s law prediction
The theoretical lattice parameters were computed from the composition fractions by using the Vegard’s law. The lattice parameter of a binary solid solution can be calculated by weighted-averaging the lattice parameters of its two constituents. Here, the lattice parameters of ordered L12 structured PtCo3 and Pt3Co alloys 8, pure Pt and Co bulk materials 9,10 were presented by the scatter plot and fitted with a red line using a linear function, as shown in Figure S1. For Pt-Co system, the theoretical lattice parameter can be then easily calculated from the given Pt content using the fitted curve.


Figure S1 Experimentally measured lattice parameters of Pt-Co alloys and the corresponding fitting curve


5. Estimated number of atoms calculation
When dealing with both ordered Pt3Co and PtCo3 alloys as the L12 type structure, each unit cell has 4 atoms. The number density of each unit cell () is given by:
	
	
	Eq. S6


Where a is the lattice parameter. Assuming the shape of nanoparticles as spherical, then we can have:
	
	
	Eq. S7


Where r is the radius of the nanoparticle.

6. Error analysis for spectroscopic quantifications
For a single measurement, the error of an individual EDS quantification can be regarded as the propagation of a series of uncorrelated errors 11,12. Generally, the error () of a function  can be expressed from the standard deviations () of uncorrelated variables () as:
	
	
	Eq. S8


For atom counting using EDS signals, the uncorrelated variables contributing to the error () are the scattering cross-section of a single atom (), the measured X-ray counts (I), the probe current () and the pixel exposure time (). However, the contributions from the probe current and the pixel exposure time are negligible 13. Accordingly, the error of EDS atom counting can be expressed as:
	
	
	Eq. S8


Where n is the calculated number of atoms.  and  indicate the errors in  and I. respectively. The  term can be  assuming the EDS signals follow the Poisson distribution.

The error analysis for the EELS atom counting is much more complicated. In addition to the counting statistics and the single-atom cross section errors, contributions from the equipment and the samples which are harder to quantify are expected. The errors arising from the equipment mainly include the CCD gain and dark reference which rely on the exposure time and experiment mode used 5,14. Regarding the error from the samples, the nanoparticle oxidation and carbon contamination could add some noises to the spectrum or shift the core-edges, which also impact the background subtraction 15. However, this can be minimised by sample baking. Here, we only considered the major errors from the counting statistics and single-atom cross section calibration for the error analysis on the single EELS measurement. The error of an individual EELS atom counting is given by: 
	
	
	Eq. S9


Where  and  indicate the integrated intensity of the ZLP and core loss edge over a same energy loss window, respectively. The  and  terms are regarded as  and , respectively.

7. Reliability and accuracy of composition quantifications
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Figure S2 Composition quantification of an unleached PtCo3 nanoparticle using simultaneous HAADF, EDS and EELS signals. (a) The HAADF-STEM image of the unleached PtCo3 nanoparticle. The nanoparticle areal density maps (atoms/nm2) of (b) Pt from the EDS signals, (c) Co from the EELS signals, (d) Co from the EDS signals. (e) A map of the fractional composition of Pt derived from (b) and (d). (f) The composition core-shell map of the nanoparticle. (g) The number of Pt and Co atoms in each shell of the nanoparticle calculated using the EDS signals. (h) The number of Co atoms in each shell of the nanoparticle calculated using both the EELS and EDS signals. 


Table S1 Summary of atom counting results of the off-axis unleached PtCo3 nanoparticle.

	Particle size
(nm)
	Co atom counts (EELS)
	Co atom counts (EDS)
	Pt atom counts (EDS)
	Measured total number of atoms
	Theoretical total number of atoms

	5.46
	2140±70
	2200±300
	3200±200
	5400±500
	5817



Although some previous attempts of characterising composition variations within nanoparticles using the spectroscopic signals have been made 5,6, the reliability of composition quantification has had limited discussion. Here, to verify reliable quantification results, we measured composition variations within an off-axis unleached PtCo3 nanoparticle by directly counting Pt and Co atoms using experimentally calibrated partial scattering cross-sections for both EELS and EDS signals 5. The HAADF, EDS and EELS images of the PtCo3 nanoparticle were simultaneously recorded under the experimental conditions described in the Methods section. The zero-drift HAADF image of the off-axis nanoparticle was shown in Figure S2a. Figure S2b-d displays the quantified areal density maps of the nanoparticle for Pt and Co elements. Here, the EELS signals were not used for Pt atom counting because of the poor signal-to-noise ratio (SNR) of the Pt core-edges in the spectrum. To investigate the core-shell structure of the Pt-Co nanoparticles, we eroded the nanoparticle from its surface to centre to obtain five hollow shells and a core. These hollow shells have a width of ~0.4 nm, which is close to the width of two or three (depending on the viewing direction) projected 2D atomic planes. Both EELS and EDS signals of each shell were integrated and quantified to obtain the number of atoms in the shell, as shown in Figure S2g and h. As the result, the Co atom counts of each shell quantified using the two spectroscopic techniques agree well with each other. The maximum discrepancy between the quantification results is ~12% at the surface shell. The reason is that the contamination and Co oxidation on the surface shell of the nanoparticle could impact the EELS quantification. Overall, the total number of Co atoms in this nanoparticle between the EDS and EELS quantifications are within 2% agreement with one another, as shown in Table S1, confirming the high accuracy of our composition analysis methodology. Both the EDS and EELS atom counting will be more accurate as the number of atoms increases where the SNR of the spectrum is also improved. Additionally, the measured total number of atoms is within 7% agreement with the estimated total number of atoms if the nanoparticle is assumed to have a spherical shape (see the Methods section). This again confirms the confidence of atom counting using the EDS or EELS signals. 

8. Simultaneous strain and composition quantifications on 12 on-axis nanoparticles
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Figure S3 Simultaneous composition and strain quantifications of the unleached PtCo3 NP1 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S4 Simultaneous composition and strain quantifications of the unleached PtCo3 NP2 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S5 Simultaneous composition and strain quantifications of the unleached PtCo3 NP3 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S6 Simultaneous composition and strain quantifications of the unleached Pt3Co NP1 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S7 Simultaneous composition and strain quantifications of the unleached Pt3Co NP2 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S8 Simultaneous composition and strain quantifications of the unleached Pt3Co NP3 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S9 Simultaneous composition and strain quantifications of the leached PtCo3 NP1 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S10 Simultaneous composition and strain quantifications of the leached PtCo3 NP2 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S11 Simultaneous composition and strain quantifications of the leached PtCo3 NP3 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S12 Simultaneous composition and strain quantifications of the leached Pt3Co NP1 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S13 Simultaneous composition and strain quantifications of the leached Pt3Co NP2 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S14 Simultaneous composition and strain quantifications of the leached Pt3Co NP3 using the HAADF and EDS signals. The nanoparticle areal density maps (atoms/nm2) of (a) Pt from the EDS signals, (b) Co from the EDS signals. (c) A map of the fractional composition of Pt derived from (a) and (b). (d) The composition core-shell map of the nanoparticle. (e) The measured local lattice parameter map of the nanoparticle. (f) The HAADF image of the nanoparticle with the defined areas. (g) The number of Pt and Co atoms in the defined areas of the nanoparticle calculated using the EDS signals.
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Figure S15 Comparison between measured and predicted local lattice parameter for the four Pt-Co nanoparticle species.


9. Atom counting of the dark patches in the leached nanoparticles
The area 1 in the leached PtCo3 NP1 was used to study the formation mechanism of the dark patches by Pt and Co atom counting. The total number of atoms (Pt and Co) in the area 1 was measured to be 357 (Figure S9), and there are 27 atomic columns in this region. Each atomic column therefore has about 13 atoms on average. The PtCo3 alloy has an L12 ordered structure, as previously suggested 8, and the measured local lattice parameter in this area is about 0.383 nm. Given that the nanoparticle is viewed along [110] direction, the distance between the neighbouring atoms in an atomic column is about 0.284 nm. Thus, the thickness of the atomic column having 13 atoms is 3.692 nm, which is much smaller than the mean nanoparticle diameter (5.640 nm). Thus, some pores, voids, or divots were formed in these dark patches during the acid-leaching process.

10. Composition quantification on 200 off-axis nanoparticles
[image: C:\Users\corp2739\Desktop\catalysis paper\composition_size.png]
Figure S16 Nanoparticle size distribution histograms overlaid with overall fractional composition plots as a function of mean particle diameter for both, unleached and leached, PtCo3 and Pt3Co ensembles.


11. Strain analyses of pure Pt nanoparticles
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Figure S17 Strain analyses on on-axis pure Pt nanoparticles. (a-c) The atomic-resolution HAADF images of on-axis pure Pt nanoparticles. (d-f) Polar strain, 2D and 3D local lattice parameters measurements for the pure Pt nanoparticles. The nanoparticles and corresponding shells are displayed and defined in (a-c). The HAADF image in (c) comes from the previously published work 4.


12. Magnification calibration for the Scanning Transmission Electron Microscope (STEM)
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Figure S18 Magnification calibration for the JEOL ARM200F scanning transmission electron microscope.
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Table 1 Summary of composition quantification results of the nanoparticle

Particle Co atom counts Co atom counts Pt atoms counts Measured total Theoretical total
size (nm) (EELS signals) (EDS signals) (EDS signals) number of atoms number of atoms

2140+70 2200+300 3200+20 5400+£500 5817
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