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Table S1. Partial review of works studying influence of reduction conditions on exsolution of 
metal nanoparticles from perovskites.  

Stoichiometry Reduction 
atmosphere(s)a 

Reduction 
temperature  

Observations on 
nanoparticle 
dimensions 

Ref. 

La0.5Sr0.5Fe0.8Ni0.1Nb0.1O3−δ 3% H2O in H2 300-900 °C As temperature 
increases: 
• Radius constant, 

then increases 
past 700 °C 

• Density increases, 
peaks at 800 °C, 
then decreases 

1 

5% H2 in Ar 700-900 °C As temperature 
increases: 
• Radius increases 
• Particle density 

slightly increases 
Nd0.6Ca0.4Fe0.9Co0.1O3-δ 50% Ar, 25% 

CO2, 25% H2 
Ramp up and 
down between 300 
°C and 700 °C 

As more H2 is 
introduced: 
• Radius increases 
• Density increases 

2 

50% Ar, ~3%  
H2, ~47%  CO2 

La0.2Sr0.7Ti0.9Ni0.1O3−δ 5% H2 in Ar 800-1000 °C As temperature 
increases: 
• Radius increases 
• Density decreases 

3 

La0.43Ca0.37Rh0.01Ti0.99O3−δ 5% H2 in He 500-1000 °C As temperature 
increases: 
• Particle radius 

increases 
• Density first 

increases, peaks at 
700 °C, then 
decreases 

4 

LaAl0.8Ni0.2O3−δ 5% H2 in N2 650-750 °C As temperature 
increases: 
• Radius increases 

5 

La0.5Ca0.4Ni0.2Ti0.8O3−δ H2 700-1000 °C As temperature 
increases: 
• Radius increases 
• Density decreases 

6 

La0.43Ca0.37Rh0.06Ti0.94O3−δ 5% H2 in N2 600-900 °C As temperature 
increases: 
• Radius increases 
• Density decreases 

7 

La0.4Sr0.4Sc0.9Ni0.1O3−δ H2 900 °C As more H2 is 
introduced: 
• Radius increases 

8 
20% H2 900 °C 

La0.9Fe0.9Ni0.05Co0.05O3−δ 
LaFe0.9Ni0.05Co0.05O3−δ 

5% H2 in He 800-950 °C As temperature 
increases: 
• Radius increases 

9 

La0.3Sr0.7Cr0.3Fe0.6Co0.1O3−δ 5% H2 in Ar 700-800 °C As temperature 
increases: 
• Radius increases 

10 
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 • Density decreases 
Sr0.98Ti0.95Co0.05O3−δ H2O, H2, Ar  

(pO2 = 10-20, 10-

23, 10-26 atm) 
 

700-800 °C As temperature 
increases: 
• Radius decreases 
• Density increases 
As pO2 decreases: 
• Radius decreases 
• Density increases 

11 

 pO2=10-28 450-550 °C As temperature 
increases: 
• Particle radius 

decreases 
• Density increases 

a Reported gas percentages are in units of vol% unless noted. 
 
S.1. Characterization of exsolution on fracture surfaces using Fiji 

The radii and densities of nanoparticles exsolved on fracture surfaces were analyzed using 

Fiji12,13, a distribution of ImageJ, using the methodology shown in Figure S1. First, contrast and 

brightness were adjusted so that nanoparticles appeared maximally bright against the perovskite 

backbone. A brightness threshold was then applied to mark the nanoparticle areas. Irrelevant bright 

regions (for example edges) were manually removed as appropriate. ImageJ’s “analyze particles” 

function was used to measure all nanoparticle areas. Assuming nanoparticles were spherical, 

nanoparticle radii was calculated as:  

Radius = 3Area/π 

Figure S1. (a) Image analysis methodology used to measure nanoparticle radii and densities on 
fracture surfaces. First, a simple brightness threshold was applied to an image from SEM (red). 
Irrelevant bright surface features were manually removed. ImageJ’s automatic particle analysis 
routine was used to measure the areas of all marked nanoparticles. (b) Example histogram of 
nanoparticle areas generated from the image analysis. (c) Example histogram of particle radii 
calculated assuming spherical nanoparticles.  
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Nanoparticle density for a particular image was determined by dividing the number of 

nanoparticles by the area of the image.  

 This methodology could be easily applied to fracture surfaces. However, this methodology 

could not be applied to the native surfaces, as native surface’s exhibited numerous bright artifacts 

which were tedious to remove manually. In the future, more advanced image processing could be 

applied to this task. 

S.2. Design of reducing atmospheres using thermodynamic calculations 
The reducing power of an atmosphere is typically quantified by oxygen partial pressure 

(𝑝!!)	or oxygen chemical potential (𝜇!). In our case, it was most convenient to use the oxygen 

chemical potential, as exsolution energetics (derived via DFT, for example) are explicitly 

dependent on this quantity. 

For each temperature, we chose the composition of the reduction atmospheres to evenly 

sample the same range of oxygen chemical potentials. We estimated the oxygen chemical potential 

of a given atmosphere with thermodynamic calculations, assuming equilibrium in the gas phase. 

We denoted oxygen chemical potential as Δ𝜇!, defined as  

Δ𝜇!;T, 𝑝!!= ≈
;H"#$(T) − H"#$(0	K)= − 𝑇S"#$(𝑇) + 𝑘%𝑇	log;𝑝!!=

2
	 (𝑆1) 

H"#$(𝑇) and S"#$(𝑇) define the enthalpy and entropy of O2 in the gas phase and are tabulated in 

the JANAF14 tables. An ideal gas term takes 𝑝!! into account. In our DFT calculations, we used 

an re-referenced oxygen chemical potential: 

	𝜇!,'() = Δ𝜇! +
E*!,+,- + E./0

2
(𝑆2) 

E*!,+,- = −9.87 eV is the DFT energy for an isolated O2 molecule. A zero-point energy 

correction E./0 = 0.101 eV is included.   

We calculated 𝑝!! for a given H2/Ar atmosphere with thermodynamic calculations. In a 

mixture of H2 and Ar, 𝑝!! is dictated by the chemical equilibrium 

𝐻1 + 1 2S 𝑂1 ⇌ 𝐻1𝑂							Δ𝐺2!!(𝑇) (𝑆3) 

where Δ𝐺2!!(𝑇) is the free energy of this reaction or, equilivalently, the formation energy of water 

as tabulated in the JANAF14 tables. The equilibrium expression for this reaction at ambient 

pressure reads 
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𝑝2!!
𝑝2!	𝑝!!3.5

= expZ−
Δ𝐺2!!(𝑇)

𝑘𝑇
[ (𝑆4) 

In the furnace, we assumed a large and constant 𝑝2!	(determined by the mass flow controllers). 

We also assumed a constant 𝑝2!!. Solving for 𝑝!! yields the expression: 

log 𝑝!! = 2Z
Δ𝐺2!!(𝑇)

𝑘𝑇 + log;𝑝2!!= − log;𝑝2!=[	 (𝑆5) 

 We initially designing the reducing atmospheres under the assumption that all H2O in the 

system came from impurities in the inlet gas stream. However, we believe such an assumption 

underestimates the amount of moisture in the system, which can enter through various leaks in the 

experimental apparatus.  

Therefore, we repeated the calculations, this time assuming a small, constant 𝑝2!!. In a 

considerably more complex experimental setup containing longer lengths of tubing and a greater 

number of fittings and valves,  we were able to achieve an atmosphere containing 0.003 % H2O as 

measured by a Raman gas analyzer. We therefore believe that  𝑝2!! = 3 × 1065 is a conservative 

estimate of the amount of moisture in our experimental setup at steady state. Under this 

assumption, we found that our Δ𝜇!’s were 0.2 eV larger but covered an adequately consistent 

range across all temperatures (Figure S2). Assuming 𝑝2!! is any fixed value below 3 × 1065 will 

shift all Δ𝜇!′𝑠 by a fixed, negative number	between 0 and -0.2 eV, again resulting in a consistent 

range across all temperatures.  

 Here, we must emphasize that the relationship between the reported values of Δ𝜇! and the 

conditions in which nucleation occur is not straightforward. More specifically, our hypothesis of 

burst nucleation of exsolution nanoparticles calls into question whether the assumption of steady-

state gas-phase equilibrium holds during nucleation: 

1) Burst nucleation occurs at the beginning of the reducing treatment; once H2 is introduced 

into the Ar gas stream, it will take several minutes for the atmosphere within the furnace 

to reach steady state.  

2) Upon reduction, a perovskite will release a substantial amount of oxygen, increasing the 

near-surface Δ𝜇!. In our samples, oxygen release may be the result of both reduction of 

the SrTiO3 host lattice (generating oxygen vacancies and Ti3+) or exsolution of Ni 

nanoparticles in the bulk15. Originally, we assumed that the continuous flow of reducing 
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gas would quickly negate this effect. However, if nucleation is indeed near-instantaneous 

upon exposure to reducing gas, as our work suggests, then this effect could be substantial.  

Therefore, our reported values for Δ𝜇! are ultimately nominal values. Since we performed these 

experiments in a single setup, use of these nominal values is acceptable. However, the hypothesis 

of burst nucleation suggests that reproduction of experimental exsolution studies between different 

groups could be extremely challenging.   

 

 
Figure S2.  Exsolution temperatures, oxygen partial pressures, and oxygen chemical potentials 
accessed in this study as estimated by thermodynamic calculations. Two different assumptions of 
the water partial pressure were considered.  
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Figure S3. Representative SEM images of fracture surfaces after exsolution at various 
temperatures and oxygen chemical potentials. A wide range of nanoparticle sizes and surface 
densities were accessible.  
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S.3. Theory of the exsolution driving force 
 We consider the hypothetical chemical equation of exsolution of Ni given by 

𝑆𝑟𝑇𝑖768𝑁𝑖819𝑂:68		(=) → 𝑆𝑟𝑇𝑖768𝑁𝑖86?19 𝑂:686?		(=) + 𝛿	𝑁𝑖		(=) + 𝛿 2⁄ 	𝑂1		(@)	 (𝑆6) 

This is derived from principles of charge neutrality. Ni is lost from the lattice and incorporated 

into metallic nanoparticles, leaving behind vacancies on the perovskite B-site. These must be 

neutralized by generation of oxygen vacancies. The driving force of this reaction Δ𝐺;𝑇, 𝑝!!= is 

therefore given by: 

Δ𝐺;𝑇, 𝑝!!= = 𝛿	Δ𝜇AB(𝑇) + 𝛿Δ𝜇!;𝑝!! , 𝑇= + (Perovskite/Nanoparticle	Terms) (𝑆7) 

Here, we wrap the terms related to the perovskite, nanoparticles, and their interfaces into a single 

term. Δ𝜇! is defined in Equation (S1). Δ𝜇AB is defined as  

Δ𝜇AB = ;H"#$(T) − H"#$(0	K)= − 𝑇S"#$(𝑇)	 (𝑆8) 

 

Figure S4. Nanoparticle radius histograms for samples treated under various temperatures and 
oxygen chemical potentials.  

 
Figure S5. Chemical potentials of Ni and O versus temperature. 



 

 9 

where H"#$(𝑇) and S"#$(𝑇) define the enthalpy and entropy of FCC Ni as tabulated in the JANAF14 

tables. Both Δ𝜇AB and Δ𝜇! are dependent on temperature, while Δ𝜇! is dependent on 𝑝!! as well 

(Figure S5).  

In our experiments, we observed a roughly constant exsolution extent (volume of 

nanoparticles per surface area of perovskite). This may imply that the exsolution driving force is 

relatively constant over the small ranges of Δ𝜇! and temperature considered in this study. This is 

reasonable, as a) Δ𝜇AB has weak dependence on temperature and b) only a small Δ𝜇!	range was 

accessed in the experiments.  

 

S.4. Derivation of ∆𝑮𝒔𝒆𝒈𝑫𝑭𝑻 and ∆𝑮𝒓𝒆𝒅𝑫𝑭𝑻 as continuous functions of 𝚫𝝁𝑶 

 As discussed in the main text, we defined ∆𝐺=C@'() and ∆𝐺DCE'() as continuous functions of 

Δ𝜇! by constructing composite functions, 

∆𝐺=C@'()(Δ𝜇!) = ∆𝐺=C@'();𝑥(Δ𝜇!)= (𝑆9) 

∆𝐺DCE'()(Δ𝜇!) = ∆𝐺DCE'()(𝑥(Δ𝜇!), Δ𝜇!) (𝑆10) 

where 𝑥 is the surface oxygen stoichiometry of the DFT model (SrTiOx). ∆𝐺=C@'()(𝑥) and ∆𝐺DCE'()(𝑥) 

were defined as the linear interpolations shown in Figure 6c. A linear interpolation ensured 

consistency with our previous work, in which identical linear interpolations were essential when 

modelling exsolution in La-containing compositions. Here, due to the extra charge introduced by 

La3+ on a Sr2+ site, the small slab model could not capture the most stable O termination. We 

showed that using the small model one could estimate ∆𝐺=C@'() and ∆𝐺DCE'() for this inaccessible 

termination through these same linear interpolations16.  

We also derived a continuous function giving the equilibrium oxygen surface stoichiometry 

as a function of oxygen chemical potential, 𝑥(Δ𝜇!). Consistent with our previous work, we based 

these calculations on slabs in which Ni was in the third layer. We first calculated the energies of 

the various O terminations. For a given 𝑥, we then defined the surface O removal energy 𝐸6!(𝑥) 

as 

𝐸6!(𝑥) =
𝐸=FGH(𝑥 + 𝛿) − 𝐸=FGH(𝑥 − 𝛿)

2𝛿
2𝛿 (𝑆11) 

The size of the slab model dictated which 𝛿’s were accessible and therefore which 𝑥’s could be 

calculated. After determining O surface removal energies for these accessible 𝑥’s, we used linear 
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interpolations to derive a continuous function 𝐸6!(𝑥). 𝑥(Δ𝜇!) is simply defined using the function 

inverse: 

𝑥(Δ𝜇!) = 𝐸6!67(−Δ𝜇!) (𝑆12) 

 

 

 

 

S.5. Analysis based on DFT calculations on a large slab model 
As mentioned in the previous section, surface O removal energies 𝐸6!(𝑥) were determined 

in the main text based on a small, ~50 atom slab model. To test dependence of our results on the 

size of the slab model, we derived  𝐸6!(𝑥) based on a larger, ~100 atom slab model as well. This 

model was built by doubling the existing slab model in one direction (Figure S7a). Oxygen 

terminations for this model were built using the oxygen terminations used in the small models. 

Since the model was twice as large, Equation (S11) could be evaluated for different 𝑥’s.  

 

 

 

 

 

 
Figure S6. Fit results of our semiempirical model for nanoparticle density (a) including and (b) 
excluding explicit, linear dependence of the surface reduction rate on 𝑝2!	. Excluding the 
dependance on  𝑝2!	 resulted in a superior fit to experimental data.  
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The surface O removal energies calculated for the large, “double” slab are compared 

against those calculated in the main text with the “single” slab in Figure S7b.  There was 

reasonable agreement between the double slab and single slab calculations, at least considering the 

different sizes of these models. However, the interpolations did differ substantially, meaning that 

𝑑𝐸6! 𝑑𝑥⁄  was substantially different when calculated using the double slab model. This had 

significant effects on the calculated ∆𝐺=C@'()(𝑥) and ∆𝐺DCE'()(𝑥) (Figure S7c). In particular, the 

slopes, tabulated in Table S2, no longer agreed well with the experimentally determined energies. 

This change can be traced to the different 𝑥(Δ𝜇!) derived from the larger model. The sensitivity 

 Empirical  DFT (single slab) DFT (double slab) 

𝑑∆𝐺=C@ 𝑑Δ𝜇!⁄  3.13 4.31 2.12 

𝑑∆𝐺DCE 𝑑Δ𝜇!⁄  - -0.87 0.22 

𝑑;∆𝐺DCE − ∆𝐺@DIJ= 𝑑Δ𝜇!⁄  -1.32 - - 

Table S2. Dependence of exsolution energetics on oxygen chemical potential, as determined from 
our semiempirical model and DFT calculations. Dependences of DFT-derived energies based on 
the more consistent single slab calculations were in better agreement with experiment, while the  
energies calculated using the larger slabs disagreed more.  

 
Figure S7. (a) Larger, “double” slab used to calculate O removal energies. (b) Approximate 
surface O removal energies as a function of x calculated for the “single” (main text) and double 
slab. Calculated values (points) are in reasonable agreement, but the slopes approximated by linear 
interpolation differ substantially. (c) Fit segregation and reduction/growth energies of our 
nucleation model compared to their DFT analogues, calculated using 𝑥 defined based on the single 
and double slabs. Calculations using the double slab had substantially different slopes than those 
based on the single slab. 
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of this analysis to the size of the DFT model used highlights the need for more accurate treatments 

of the surface oxygen termination in future work.  
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