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Note S1. Methods 38 
 39 
1.1. Demonstrating P(O2) controlled growth of entropy stabilized oxide (ESO)-based thin 40 
film nanocomposite with Cu nanorods 41 
 42 
1.1.1. ESO-based thin film preparation 43 

The single-phase rocksalt (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O entropy stabilized oxide (ESO) 44 
PLD ablation target was fabricated by ball milling of the five constituent oxide nanopowders (US 45 
Research Nanomaterials Inc., TX, USA) in equimolar amounts, followed by conventional sintering 46 
at 900 °C for 2 hours. Details of the target synthesis procedures can be found in our previous work1. 47 

ESO-based thin films were prepared by pulsed laser deposition (PLD) using a Nd:YAG 48 
solid laser with 266 nm wavelength and 10 ns pulse duration (Continuum SL III-10) and a high-49 
vacuum deposition system (Neocera Pioneer 180 GLAD PLD System). (001) Si wafers (MTI 50 
Corporation) were used deposition substrates after a cleaning sequence of in acetone, isopropanol 51 
and methanol. The substrate–target separation was 57 mm. For non-gradient PLD, the substrate 52 
temperature was 300°C and a fixed laser energy fluence of 5.3 mJ/cm2 was used by setting a 53 
voltage for laser excitation of 1.4 kV. The oxygen pressure during PLD deposition was conrtolled 54 
by regulating the flow rate of the inlet high purity O2 gas (99.994%). With O2 flow rates increase 55 
from 0 and 50 sccm, the deposition pressure were found to increase from 0.03 to 0.63 mtorr.  56 

Single-layer low P(O2)  and high P(O2) thin films were deposited under P(O2) of 0.03 and 57 
0.63 mtorr, respectively, for 40,000 pulses. Bi-layer thin films were deposited under P(O2) of 0.03 58 
mtorr for 10,000 pulses and under P(O2) of 0.63 mtorr for 30,000 pulses. For heat treatment study, 59 
4-layer thin films was deposited under P(O2) of 0.03, 0.63, 0.03 and 0.27 mtorr. Heat treament of 60 
the 4-layer films were carried out in the PLD chamber at 600°C for 2 hours under controlled P(O2) 61 
of 0.03 mtorr and 0.57 torr, respectively. To show the effect of P(O2) over the 0.03-0.63 mtorr 62 
range, a 11-layer film was deposited under a P(O2) sequence of 0.03-0.63-0.03-0.51-0.03-0.39-63 
0.03-0.27-0.03-0.15-0.03 mtorr and for 10,000 pulses for each layer. 64 
 65 
1.1.2. Microstructure characterization 66 

Phase and crystallographic structure analysis of the ESO target and thin films was 67 
characterized using an X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan) with Cu-Kα X-ray 68 
radiation. X-ray diffraction (XRD) patterns of the ESO target pellet and ESO-based thin films were 69 
collected with para-focusing beam at a symmetric θ-2θ geometry and parallel beam under grazing 70 
incidence diffraction geometry, respectively.  71 

Scanning transmission electron microscope (STEM) was performed with the JEOL JEM-72 
ARM300F Grand ARM operated at 300 kV equipped with dual silicon drift detectors for energy-73 
dispersive X-ray spectroscopy (EDS) and the Gatan K2 IS/summit for counting EELS. 74 
Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were 75 
carried out on a JEOL JEM-2800 at an operating voltage of 200 kV. The cross-sectional and plane-76 
view TEM specimens of the ESO-based thin films were fabricated by focused ion beam (FIB) 77 
using a FEI Quanta 3D FEG dual-beam FIB-SEM.  78 

In situ annealing experiment on the 4-layer thin film was perfored inside the JEOL JEM-79 
ARM300F Grand ARM using a Gatan heating holder. The temperature was ramped from room 80 
temperature to 120°C, 300°C, 400°C and then 500°C at a rate of 20°C/min with a ~15-min hold 81 
at each temperature for STEM imaging and EELS. 82 
 83 



1.1.3. Conductivity measurement 84 
An EMS 150T sputter coater was used to coat two ~ 30nm thick Ir electrodes on top of 85 

each thin film. Temperature-dependent cyclic voltammetry (CV) measurements of the thin films 86 
were carried out by a Biologic sp-200 electrochemical workstation associated with Linkam probe 87 
stage (HFS600E-PB4) and Linkam temperature controller (T96 System Controller). The CV 88 
measurements were obtained using a two-probe measurement. Measurements were conducted in 89 
ambient air and synthetic dry air (to ensure this effect was not related to moisture adsorption from 90 
the environment) over the temperature range of 25-200 °C. Measurements were repeated 3 times 91 
to verify repeatability. Samples were equilibrated at each temperature for 30 min before the data 92 
was measured. 93 
 94 
1.1.4. DFT Computational simulation 95 

All the density functional theory (DFT) calculations were performed using the Vienna Ab 96 
initio Simulation Package (VASP)2 within the projector augmented-wave approach (PAW)3. The 97 
Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation (GGA) functional4 was used 98 
for all the relaxations and static calculations. We considered on-site Coulomb interaction 99 
correction via DFT + Hubbard U formalism. The U values were selected via pymatgen5 100 
MPRelaxSet/MPStaticSet6, in which U values of 3.32 and 6.2 eV for Co and Ni, respectively. The 101 
surface structures are generated via pymatgen5. As the ground states for NiO and CoO are 102 
antiferromagnetic (AFM), the lowest magnetic configurations were selected and obtained from the 103 
Materials Project database API6,7. For NiO and CoO, (100) and (110) surfaces we considered AFM 104 
configuration, while for (111) surfaces, only ferromagnetic configurations are considered due to 105 
the large cell size/number of atoms in the cell. 106 
 107 
1.2. High-throughput tandem electrode synthesis and characterization 108 

 109 
1.2.1. Electrocatalytic Tandem electrode (ESO-Cu) synthesis  110 

Tandem electrode (ESO-Cu) was also fabricated using the same PLD target, PLD system, 111 
substrate, and substrate preparation method as mentioned above. However, PLD synthesis 112 
parameter and substrate geometry were different. Two Si chips were overlayed with 7 mm offset 113 
and adhered to PLD heating plate to introduce deposition temperature gradient during the PLD 114 
(Fig. S12-S13). The substrate heater temperature was set 375 °C, laser fluence of 5.3 mJ/cm2 was 115 
introduced by setting laser excitation voltage of 1.38 kV, and oxygen pressure was set to 0.015 116 
mtorr by controlling turbo pump speed. 40,000 pulses at 10 Hz were deposited after the desired 117 
environment conditions were met. After the deposition, the heating plate is cooled in same vacuum 118 
condition until it reaches room temperature, and subsequently the chamber was vented to take 119 
sample out. 120 

1.2.2. Microstructure characterization 121 
XRD and STEM EDS were done using the same instruments as mentioned in P(O2) varying 122 

case. θ-2θ Bragg-Brentano geometry was used, and divergent slits were chosen as such that only 123 
part of thin film was scanned (Fig. S13b). The same acceleration voltage and detector were used 124 
for STEM EDS data collection as in the P(O2) varying study. SEM imaging and STEM sample 125 
preparation were done using SEM FIB (Tescan GAIA3). Select regions where SEM imaging and 126 
STEM sample preparation took place on gradient film are also pointed out in Fig. S13b. SEM 127 
images used for grain size measurement are displayed in Fig. 14. XPS data was acquired using 128 



AXIS Supra by Kratos Analytical at Ultra-high vacuum using Al-K α as X-ray source. Exposed 129 
scan area for XPS is also displayed in Fig. S13b. 130 

 131 
1.2.3. Temperature gradient simulation 132 

The transient thermal module of Ansys was used to simulate the lateral temperature 133 
gradient profile of the Si substrate. Si thermal conductivity was acquired from Shanks et al.8, 134 
specific heat from NIST workbook9, and convection coefficient from Timans et al.9. The 135 
simulation had three intervals with different time steps for optimal simulation results (Table S1-136 
S2). 137 

Table S1. Time intervals and steps used for optimal temperature gradient simulation. 138 

Order of interval Time interval (s) Time step (s) 

1st 0 - 3 5 × 10−2 

2nd 3 - 500 1 

3rd 500 - 3000 5 

 139 

Table S2. Transient thermal simulation of the PLD substrate temperature gradient. 140 

Distance from hot edge of gradient (mm) Simulated Temperature (°C) 

0.5 369 

1.5 368 

2.5 360 

3.5 333 

4.5 304 

5.5 282 

6.5 265 

7.5 254 

8.5 245 

9.5 241 

 141 

1.2.4. SECCM experiments: Fabrication of probe, electrode, and experimental conditions  142 
The nanopipettes used in this study were prepared from Quartz glass, having an outer 143 

diameter of 1.0 mm, an inner diameter of 0.7 mm, and a length of 7.5 cm. To fabricate the pipette, 144 
the CO2 laser puller from Shutter Instrument Co. (model P-2000) was used, taking on specific 145 
pulling parameters: heat=480, Fil=1, Vel=30, Del=145, Pul-200, line=1, and prog=5. The pulled 146 
nanopipette tip showed an opening diameter of approximately 500 nm (SEM image shown in Fig. 147 



S27). To act as a probe, the nanopipette was filled with a 10 mM KHCO3 electrolyte. Moreover, 148 
to prevent evaporation of the electrolyte, silicon oil was added at the top of the electrolyte. The 149 
quasi-reference counter electrode, Ag/AgCl, was prepared by immersing an Ag wire into a NaClO 150 
solution to deposit Cl. The prepared Ag/AgCl wire was then inserted into the top of the nanopipette, 151 
positioned approximately 3-4 cm away from the tip end. The movement across various positions 152 
on the tandem Cu-ESO electrode was achieved by the Piezo Motor Controller from THORLABS, 153 
specifically the Single-Channel K-cube inertia motor controller (KIM001). This controller was 154 
coupled with Piezoelectric Inertia Actuators featuring a 25 mm travel mounting barrel (KPS201). 155 

Electrochemical experiments were executed using Labview software. Given the gas-156 
dependent nature of the study, a closed cell setup was used to maintain a saturated environment 157 
with a specific gas (Fig. 5a). To ensure the gas saturated environment, humidified CO2 gas, of 158 
research-grade purity (99.999 %), was consistently supplied at a rate of 40 mL/min throughout the 159 
experiment. To make sure, sufficient saturation, 30 minutes prior to beginning the experiment, a 160 
gas was supplied into the electrochemical cell. A small opening at the top of the cell served a dual 161 
purpose – facilitating the movement of the nanopipette across the sample and helps for gas outlet. 162 
For the control study, N2 gas was saturated similarly to CO2. All presented results are referenced 163 
to the RHE scale. 164 

To convert the potential to RHE, the formula E(RHE) = E(Ag/AgCl) + E0(Ag/AgCl) + 165 
0.0591pH was employed. Here, E(Ag/AgCl) represents the observed potential, and E0(Ag/AgCl) 166 
is + 0.69 (at pH 8.3), equivalent to +0.2 (at pH=0), serving as the standard potential of the quasi-167 
reference electrode potential. This was determined by conducting cyclic voltammetry on a Pt 168 
ultramicroelectrode in an H2-saturated electrolyte solution (10 mM KHCO3). The pH of the N2-169 
saturated and CO2-saturated electrolytes were measured to be 8.4 and 5.9, respectively. 170 
 171 

1.2.5  EELS multiple linear least squares (MLLS) fitting 172 
MLLS  fitting technique within Gatan Digital Micrograph software was used for EELS Cu 173 

L2,3 edge oxidation mapping. Reference standard EEL near-edge fine structure spectra are acquired 174 
either from part of the sample under analysis or from a different sample with known oxidation 175 
state. Standards for Cu1+

2O, and Cu2+O are acquired from nanopowders from US Research 176 
nanomaterials Inc. The XRD data of these standard nanopowders are plotted with references in 177 
Figs. S23-S24 for Cu2+O and Cu1+

2O respectively to ensure credibility of these standards. The Cu0 178 
spectrum is taken from within our data where the highest agglomeration of Cu signal is and there 179 
is absence of EELS signal from oxygen and other elements. Our Cu0 standard was compared 180 
against the EELS Atlas database10 to confirm it is Cu0 (Fig. S25). An EEL spectral background 181 
standard at Cu L2,3 region is also needed for MLLS, especially for data points with low Cu signal 182 
intensity. An example of optimal fitting is shown in Fig. S26 for a combination of Cu1+

2O, Cu0, 183 
and background standards.     184 



Note S2. Effects of P(O2) on Cu-ESO film structure and nanorod morphology 185 
 186 

P(O2) is an important thermodynamic parameter determining the surface energy landscape 187 
for the films’ nucleation and growth. During PLD growth, the plasma plume containing the ablated 188 
ions reach the substrate surface in microseconds, followed by a relatively long relaxation period11. 189 
P(O2) plays an important role in both mechanisms and therefore strongly affects the stoichiometry, 190 
crystallization, texture, microstructure, and properties of thin films. At low P(O2), the ions have 191 
higher diffusion mobility, resulting in nucleation and coalescence of Cu-rich metal clusters, which 192 
can act as heterogeneous nucleation sites for metal adatoms, leading to the formation of near 193 
vertically aligned metal rods11. Change in the relative SAED peak intensities under different P(O2) 194 
growth reveals the polycrystalline texture is affected by this processing parameter (Fig. S1). 195 
 196 

 197 
Fig. S1. Radial peak intensity profiles12 for selected area diffraction patterns (SAEDs). (a) 198 
High P(O2) film (0.63 mtorr) and (b) low P(O2) film (0.03 mtorrr). 199 



 200 
Fig. S2. X-ray diffraction (XRD) patterns. (a) The bulk ESO target and the ESO-based thin 201 
films deposited under (b) high P(O2) (0.63 mtorr) and (c) low P(O2) (0.03 mtorrr). 202 
 203 
Nanorod tilting angles range from 0-25 ° (Fig. S3), with high aspect ratios of ~13. This is 204 
consequential as aligned metal nanorods with large aspect ratios provide extremely anisotropic 205 
magnetic13 and photonic14 properties. 206 

 207 
Fig. S3. Statistical analysis of the size and orientation of the Cu nanorods. (a) A representative 208 
in-plane high angle annular dark field (HAADF) STEM image of the low P(O2) film showing a 209 
high density of Cu nanorods. (b) Histogram of the diameter distribution of the Cu nanorod. (c) 210 
Estimated tilting angle distribution of the Cu nanorods relative to the thin film normal direction.  211 

              

                  

                 

   

   

   

      



Note S3. Multilayer films deposited at different P(O2) 212 
 213 
In a bilayer film, all five cations are homogeneously distributed in the high P(O2) 0.63 mtorr layer 214 
(Fig. S4a), whereas in the low P(O2) 0.03 mtorr layer Cu-rich metal nanorods form which lowers 215 
the ESO concentration Cu from 20 at. % to ~ 7.9 at. % (Table S3). A continuous and coherent Cu-216 
rich layer ~ 2 nm thick is formed interface between the two layers, indicating rapid Cu diffusion 217 
to the film surface under the low P(O2) condition (Fig. S4b-c). The Cu-rich layer shows an 218 
epitaxial relationship with the low and high P(O2) layers, which allows columnar grain growth 219 
continuously across the interface. 220 

 221 
Fig. S4. Structure of a bi-layer stacked low P(O2)-high P(O2) layer/film. (a) ADF STEM image 222 
of a bi-layer thin film deposited under 0.03 and 0.63 mtorr for the bottom and top layer, 223 
respectively, and the corresponding STEM EDS maps. (b,c) low and high magnification ADF 224 
STEM images near the bi-layer interface.   225 



Table S3. Chemical composition in the low P(O2) film measured by STEM EDS. 226 

X-ray line 

Average cation 

concentration 

(at. %) 

Mg K 28.14 ± 0.32 

Co K 23.24 ± 0.20 

Ni K 21.86 ± 0.41 

Cu K 7.92 ± 0.17 

Zn K 18.84 ± 0.23 

*The Cliff–Lorimer factors (k-factors) used for EDS quantification are manually calculated by 227 
assuming the atomic percentage for each cation in the high P(O2) film is 20%.  228 



The O K, Co L2,3, Ni L2,3 and Cu L2,3 energy loss near-edge structure (ELNES) revealed 229 
that the O K edge pre-peak disappears in the low P(O2) layer (Fig. S5a-c), owing to the reduction 230 
of the neighboring transition metals or the formation of oxygen vacancies15. The ratio of the Co L3 231 
to L2 white lines appears higher in the low P(O2) layer and lower in the high P(O2) layer (Fig. S5d), 232 
corresponding to changes in the Co oxidation states, with an estimated average valence states of 233 
+2.9 to +2.5 in the high P(O2) and low P(O2) layer, respectively16. Despite differences in intensities, 234 
the L2,3 ELNES of Ni (Fig. S5e) is similar to that reported for Ni2+ in NiO17,18. Both Co and Ni 235 
show higher concentrations at low P(O2) than that at high P(O2) and the lowest concentrations at 236 
the interface. Cu L2,3 edges show changes in both intensity of the white lines and the post-edge 237 
continuum with a change in P(O2), indicating significant changes in Cu concentrations within the 238 
bilayer film and the formation of Cu0 in the low P(O2) layer and at the interface19 (Fig. S5f).  239 
 240 

 241 
Fig. S5. Chemical states of elements in a bilayer ESO film from STEM EELS. (a,b) STEM 242 
EELS spectra as a function of sampling locations, showing changes in Cu concentration and Co 243 
oxidation states in bi-layer ESO thin film across the horizontal interface. (c-f) Core loss electron 244 
loss near-edge structure (ELNES) spectra for O K-, Co L-, Ni L- and Cu L-edges.   245 
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To explore and understand the relevant growth conditions for nanocomposite ESO film, we have 246 
deposited 11-layer thin films under varying P(O2) (Fig. S6a-h). Our experiments show that Cu-247 
rich metal nanostructures are not formed at P(O2) of 0.15 mtorr or higher, but lower P(O2) slightly 248 
reduces the Cu concentration in the thin films (Fig. S6i).  249 

 250 
Fig. S6. Microstructure and composition analysis of a 11-layer thin film deposited under 251 
varied P(O2) conditions. (a) A bright field STEM image. (b) EELS peak shift map of the plasma 252 
peak at ~21 eV relative to the 0.15 mtorr layer, with red color representing positive peak shift and 253 
green color representing negative peak shift. Inset is the profile of the peak shift, demonstrating 254 
obvious plasma peak shifts of -0.22 ~ -0.35 eV at the location of the Cu-rich percolation films. (c-255 

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

  
  
  
  
  

      

      

      

      

   

  
  
 
 
  
  
  

 
 

  
  
 
 
  
  
  

 
 

 
 
 
 
  
 
  
 
 
  
  
 
 
  
  
  
  
   
  
 
 
 

             



h) STEM EDS maps of the 11-layer film showing Cu-rich nanorods are only formed when P(O2) 256 
is 0.03 mtorr with Cu-rich percolation films formed on top of the 0.03 mtorr layers. (i) Profile of 257 
Cu K signal in counts normalized by the sum of signals for all cations.  258 



Note S4. Post-mortem and in situ STEM characterization of heat-treated ESO thin films 259 
 260 

The nanocomposite structure is not thermodynamically stable, with ~ 50 - 100 nm sized 261 
Cu-rich equiaxed nanograins formed after annealed at 600 °C for 2 hours under P(O2) of 0.57 torr 262 
(Fig. S7) and 0.03 mtorr (Fig. S8), respectively. A similar microstructural evolution has been 263 
recently reported in a NiO:La0.7Sr0.3MnO3 system, where the NiO phase changed from cylindrical 264 
to spherical shape after annealed in vacuum20. The evolution of the microstructure during 265 
annealing can be driven by the minimization of the high strain energy in the vertical interface20. 266 
Interestingly, in situ heating inside TEM shows that Cu-rich nanorod structure were observed in 267 
both the low P(O2) and high P(O2) layers at 400 °C, suggesting that the formation of Cu-ESO 268 
nanocomposite structure might be thermodynamically driven under the extremely low P(O2) 269 
condition inside the TEM chamber (Fig. S9). 270 

 271 
Fig. S7. Microstructure and chemistry of the multi-layer ESO film after heat treatment at 272 
600°C under P(O2) of 0.57 torr for 2 hours. 273 



 274 
Fig. S8. Microstructure and chemistry of the multi-layer ESO film after heat treatment at 275 
600°C under P(O2) of 0.03 mtorr for 2 hours.  276 

200 nm



 277 
Fig. S9. In situ heating results of the 4-layer ESO. (a-d) HAADF STEM images taken at 120 °C, 278 
300 °C, 400 °C and 500 °C, respectively. (e-j) EELS maps for O, Mg, Co, Ni, Cu, Zn, respectively, 279 
at 400 °C.  280 

120°C 300°C 400°C 500°C(a) (b) (c) (d)

(e) (f) (g) (h) (i) (j)



 281 
Fig. S10. The surface energies for constituent metal oxides NiO, CoO, MgO, and ZnO, 282 
assuming the ESO’s rocksalt structure, as a function of oxygen chemical potential 𝝁𝑶 . 283 
Stoichiometric surface (100) corresponds to the lowest energy for all the constituent metal oxides.  284 



Table S4. Surface energies calculated in this work and those from the literature.  285 
  286 

 This work Literature 

Composition Surface energy 

(J∙m-2) 

Structure Surface plane Surface energy 

(J∙m-2) 

MgO 0.88 rocksalt (100) 1 21 

MgO 0.88 rocksalt (100) 0.89 22 

CoO 0.74 rocksalt (100) 1.66 23 

CoO 0.74 rocksalt (100) 0.8 24 

NiO 0.79 rocksalt (100) 0.95 25 

NiO 0.79 rocksalt (100) 0.6 26 

CuO 0.34 monoclinic   (010) 1.04 27 

ZnO 0.57 rocksalt  (100) 0.63 22 

MgO 2.08 rocksalt (110) 2.29 28 

MgO 2.08 rocksalt (110) 2.17 22 

CoO 1.6 rocksalt (110) 2.57 23 

NiO 1.85 rocksalt (110) 2 25 

CuO 1.04 monoclinic  (110) 1 29 

ZnO 1.28 rocksalt (110) 1.52 22 



Note S5. Electronic conductivity mechanism of ESO and Cu-ESO thin films 287 

 288 
Fig. S11. Electrical conductivity. Arrhenius plots of measured in-plane conductivity for the bulk 289 
ESO ceramic pellet used as the PLD precursor (green), the films deposited under P(O2) of 0.03 290 
and 0.63 mtorr measured under laboratory air, and the 0.03 mtorr sample measured under dry 291 
synthetic air. 292 

The ESO PLD precursor was measured in ambient air, with Ea = 0.89 eV. Our recent work30 293 
showed that electrical conductivity in this ESO results from electronic conduction via Cu+/Cu2+ 294 
small polaron hopping. The polycrystalline 0.63 mtorr film’s conductivity increased by 5 orders 295 
of magnitude from 2.8 x 10-4 S/cm to 18 S/cm in ambient air at 200 °C, with corresponding 296 
decrease in Ea to 0.36 eV. Similar to Ea values that have been previously reported31,32, conduction 297 
is attributed to electronic small polaron hopping between Cu2+/Cu+  and Co3+/Co2+ mixed-valence 298 
cation pairs. Unlike the precursor, which was annealed under oxidizing conditions, this film 299 



(grown at 0.63 mtorr) is expected to have a higher concentration of oxygen vacancies charge-300 
compensated by Cu2+ and Co2+ reduction (e.g., 𝑂𝑂

× + 2𝐶𝑢𝐶𝑢
× ↔ 𝑉𝑂

•• + 2𝐶𝑢𝐶𝑢
′ ). Additionally, the 301 

film’s smaller grain size (10 - 15 nm) compared to the pellet (~ 2 μm) increase the grain boundary 302 
area, where Cu segregation and valence reduction are expected—which we have shown increase 303 
the electronic conductivity through the ESO grains 30. The film growth at 0.03 mtorr yielded Cu 304 
nanorod formation throughout the ESO film, further increasing electronic conduction and inducing 305 
an unexpected polaron-polaron transition at 100 °C where Ea abruptly changes from 0.41 eV (< 306 
100 °C) to 0.04 eV (> 100 °C). 307 

Along with increasing the Cu2+ valence reduction by lowering the growth P(O2), nanorod 308 
formation significantly reduces the Cu concentration in the oxide, which is thought to (i) introduce 309 
Cu cation vacancies, 𝑉𝐶𝑢

′′ , charge compensated by 𝑉𝑂
•• (Fig. 1g) and (ii) oxidize some Co2+ to Co3+ 310 

(𝐶𝑜𝐶𝑜
• ) and some Ni2+ to Ni3+ (𝑁𝑖𝑁𝑖

• ). As the redox energy of the Co and Ni pairs are similar, both 311 
are considered here assuming that the couples’ redox energy ranges are spread via perturbations 312 
in periodic site potentials and elevated disorder in the ESO33. Therefore, the increased conductivity 313 
and modest change in Ea compared to the 0.63 mtorr film below 100 °C is attributed to added 314 
Cu2+/Cu+, Co2+/Co3+32, and Ni2+/Ni3+34 polaron hopping pairs. Surprisingly, electron conductivity 315 
above 100 °C exhibits Ea of 0.04 eV—reminiscent of high-mobility Ni2+/Ni3+ polaron transport in 316 
the perovskite I.a1-xSrxCo1-yNiyO3-δ

33 and high-mobility polaron transport between Co3+ spin states 317 
in the perovskite LaCoO3

35; the motional enthalpies (a component of  Ea) in those oxides are 0.03 318 
eV and 0.05 eV, respectively. The polaron-polaron transition, from relatively high-Ea conduction 319 
via Cu2+/Cu+ pairs (< 100 °C) to low-Ea conduction (> 100 °C), is thought to arise from a 320 
combination of two effects: (i) Greater Ni3+-O covalency—which increases with Ni-O-Ni bond 321 
angle distortion and was identified as the origin of metallic conductivity in LaNiO3

33,36; bond 322 
distortion in this ESO increases with  𝑉𝑂

•• content37 and is assumed to increase with temperature 323 
here. And (ii) stabilization of an ordered mixture of low- and high-spin-state Co3+—which occurs 324 
below ~100 °C in LaCoO3 and facilitates high-mobility polaronic transport between Co3+ sites35; 325 
as the ratio of low/high spin states is stabilized by temperature-dependent dynamic ordering35 it is 326 
hypothesized that 100 °C corresponds to the onset of percolation in the ESO film here. To 327 
summarize, low-Ea (0.04 eV) conduction above 100 °C is attributed to high-mobility polaronic 328 
transport due to greater Ni3+-O covalency caused by temperature-dependent Ni-O-Ni bond 329 
distortion and the stabilization of mixed spin state Co3+ sites above 100 °C, which together form a 330 
percolating transport path.  331 



Note S6. Gradient substrate temperature PLD and tandem electrode characterization 332 
 333 

 334 
 335 
Fig S12. Temperature gradient Si substrate setup. The top Si chip (the PLD substrate) is 336 
elevated above the PLD heater to create a temperature gradient emanating from the contact point 337 
with the bottom chip. The chips were connected by silver paste. 338 
 339 

  340 
 341 
Fig. S13. Gradient substrate temperature PLD sample fabrication and characterization. (a) 342 
High-throughput electrode library synthesis using a lateral temperature gradient, and (b) 343 
characterization using spatially resolved XRD, XPS, SEM, SECCM, and STEM specimen 344 
preparation by FIB lift-out. 345 



 346 
Fig. S14. SEM secondary electron images used for grain size measurement. The scale bar is 347 
200 nm. 348 



 349 
 350 
Fig. S15. ESO grain size at different deposition temperature measured from SEM images. 351 



 352 
Fig. S16. Tandem electrode XRD. The ESO thin film grains have (111) texture at lower substrate 353 
temperatures and more random texture at higher temperatures. A randomly oriented 354 
polycrystalline rocksalt pattern shows the (002) peak intensity is greater than (111) in the un-355 
textured case. XRD data from Rost et al.38 is included. 356 
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 357 
Fig. S17. X-ray photoelectron spectroscopy (XPS) quantification of surface composition. 358 
Sensitivity factor was acquired using XPS data of the PLD target as base to quantify and output 359 
compositional fraction of different species at different temperature location of gradient thin film 360 
tandem electrode. 361 



 362 
 363 
Fig. S18. STEM EDS of the location with substrate temperature 241 °C. White opaque lines 364 
indicate the film surface, where the oxygen signal intensity decreases to zero. 365 



 366 
 367 
Fig. S19. STEM EDS of the location with substrate temperature 294 °C. White opaque lines 368 
indicate the film surface, where the oxygen signal intensity decreases to zero. 369 



 370 
 371 
Fig. S20. STEM EDS of the location with substrate temperature 369 °C. White opaque lines 372 
indicate the film surface, where the oxygen signal intensity decreases to zero.  373 



 374 



Fig. S21. Hypothesized growth mechanism of Cu-ESO nanocomposite at different substrate 375 
temperatures and at various times during PLD synthesis. During deposition the deposition 376 
formation front (DFF) is moving away from the substrate. At the end of deposition, the substrate 377 
begins to cool to room temperature. The film rests at room temperature after cooling before it is 378 
removed from the PLD and exposed to air. In line with experimental observations, the final Cu 379 
distribution/morphology and valence depends on the local substrate temperature. At high 380 
temperatures (e.g., 369 °C) Cu adatoms diffuse rapidly along the surface and are incorporated into 381 
the Cu nanorods/structures at the DFF. After air exposure the relatively large Cu nanostructure/rod 382 
passivate by forming a small amount of Cu1+ (green). At intermediate and low temperatures (304 383 
and 241 °C) Cu adatom surface diffusion is sluggish and limits incorporation of Cu into nanorods 384 
at the DFF. Unincorporated Cu thus remains in the subsurface and bulk diffusion is needed to 385 
incorporate them into the nanorods. Alternatively, they may diffuse to the film surface and exsolve 386 
as nanoparticles. Upon cooling and air exposure, these nanoparticles are oxidized to Cu1+ and Cu2+ 387 
(blue), with the extent of oxidation dependent on the particle size.  388 



Experimental evidence supporting this Cu nanostructure formation mechanism, and specifically 389 
the sub-surface Cu depletion (Fig. S21, 304 °C and 241 °C), is the Cu elemental distribution 390 
measured by STEM EDS. Cation concentration profiles near the film surface at different substrate 391 
temperature locations show that the Cu concentration is close to or exceeded that of the ESO matrix 392 
Cu where the temperature was 369 °C (Fig. S22a, black dashed line). At lower substrate 393 
temperatures, the Cu concentration dips below that of the ESO matrix in the several nm below the 394 
film surface. This dip in near-surface Cu concentration relative to the ESO matrix is more 395 
significant at lower substrates temperatures, as depicted in Fig. S21. As mentioned, we hypothesize 396 
that Cu atoms/ions are diffusing to either the film surface or to the already formed Cu0 397 
nanostructure tips, yielding Cu depletion in the subsurface at lower PLD temperatures (Fig. S22b). 398 

 399 
Fig. S22. Near-surface cation distribution shows Cu depletion at lower substrate 400 
temperatures. (a) Cation concentration profiles measured by STEM EDS near the tandem 401 
electrode surface at different substrate temperatures. Dashed black line indicates the nominal Cu 402 
concentration of the ESO matrix (calculated in the white boxes in (b)). (b) Cu L EDS signal at 403 
different substrate temperatures. White rectangles show where the nominal Cu concentration of 404 
the ESO matrix is determined. The yellow dashed line is the electrode surface position, as in Fig. 405 
4. 406 



 407 
Fig. 23. XRD pattern of CuO nano particles used as a reference standard for EELS MLLS 408 
analysis (US Research nanomaterials, Inc.). Particles were used as Cu2+ reference EELS data. 409 
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 410 
Fig. 24. XRD pattern of Cu2O nano particles used as a reference standard for EELS MLLS 411 
analysis. Standard sample contains 81.7 mol % Cu2

1+O, 13 mol % Cu2+O, and 5.3 mol % Cu0 412 
assessed using Rietveld refinement quantitative analysis. US Research nanomaterials, Inc Product 413 
ID: US3075, CAS #: 1317-39-1. 414 
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 415 

Fig. S25. Cu0 EELS standard for MLLS fitting. (a) EELS Cu L map showing area over which 416 
where the Cu0 standard spectrum was integrated. (b) Integrated EEL spectrum from location in (a). 417 
(c) Cu0 EELS from Gatan Atlas database. 418 



 419 
Fig. S26. Example MLLS fit of EELS recorded at the 369 °C location in the gradient sample. 420 
The MLLS fits the EELS spectrum well by combining Cu1+

2O, Cu0, and background standards.  421 



 422 
Fig. S27. SEM secondary electron image of SECCM nanopipette tip. 423 

 424 

 425 
Fig. S28. Reduction current derived from voltammogram at two different potentials in N2 426 
and CO2 atmosphere. (a) at -0.8 V and (b) at -1.1 V.  427 
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