Supporting Information:
Solution-Cast Metal Oxide Thin Film Electrocatalysts for Oxygen Evolution
Lena Trotochaud, James K. Ranney, Kerisha N. Williams, and Shannon W. Boettcher
The Department of Chemistry and the Center for Sustainable Materials Chemistry 
University of Oregon, Eugene, Oregon, USA 97403

A.  Supplementary Figures
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Figure S1.  Schematic of electrochemical cell used to test electrocatalyst films. In some cases, Au/Ti or ITO coated glass electrodes were used as catalyst supports instead of the mounted QCM crystal.
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Figure S2. Changes in film mass as a function of annealing time. Samples were deposited onto 5 MHz AT-cut QCM crystals and heated on a hot plate at 300 °C for 1 min intervals. Mass losses due to annealing are complete after the first minute of heating. Small fluctuations in film loading with longer annealing times are within the error of the measurement, which arises from the removal and remounting of the quartz crystal into the holder between heating steps (see discussion of error below). 

[image: image3.jpg]CoO.

N i0.75C00.250x

N iO.ZSC o0.750x

FeO

Ni,;C0,,0,

Ni,,Fe,,O,

Pe @
-
€
3
. [
" 4 Y
s -~
-
- - e,
: ¢’
V. 6D, P
L ____ Sy
<




Figure S3. SEM images of the metal oxide films on Si directly following annealing. Scale bars are 100 nm. Images from Figure 1 are included for comparison. The nano-particulate morphology observed for the MnOx film on Si is not observed for samples prepared on the Au/Ti electrodes used for electrochemical measurements, but is included here for completeness.
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Figure S4. SEM images of the metal oxide films on Au/Ti coated glass directly following annealing. Scale bars are 100 nm; inset scale bars are 200 nm.
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Figure S5. SEM images of the metal oxide films on Au/Ti coated quartz crystals after electrochemical experiments. Scale bars are 100 nm; inset scale bars are 200 nm. See below for a discussion of SEM images shown in Figures S3 - S5. 
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Figure S6. Cross-sectional transmission electron microscopy image of a NiOx film deposited on Au/Ti coated glass showing uniform ~ 2 nm coverage across the polycrystalline Au surface. Imaging was performed on a FEI 80-300 keV aberration-corrected Titan S-Twin microscope operating at 300 keV, equipped with a standard field emission gun (S-FEG). Cross-sectional TEM samples were prepared by a focused ion beam (FIB) process with an FEI Helios DB-FIB, operated at 30 kV during ion milling and 5 kV for electron beam imaging. The sample was lifted out and transferred to the TEM grid in-situ using an Omniprobe 200 micromanipulator and a Pt gas injection system (to add a protective Pt coating to the sample surface and for sample attachment to the probe and grid). The TEM lamella was thinned using a 30 kV, 93 pA beam (until the sample reached 500 nm thick), then polished to ~100 nm thickness using 5 kV, 16 pA. A final cleaning of the sample was performed at 2 kV, 10 pA.
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Figure S7.  Raw XRD data showing the sloping background due to the grazing incidence geometry. The lower pattern is of the single crystalline Si substrate showing the prominent peaks near 52° and 55° 2θ. The intensity of the Si peaks, especially the sharp peak near 52° 2θ, is a function of substrate orientation which was not controlled. 
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Figure S8.  Voltammetry of a conditioned NiOx film showing the effects of aging of the sample in 1 M KOH. The aged sample shows a shift in the positions of the redox wave to higher potentials and a decrease in potential for the onset of OER current. These observations are consistent with the conversion of the film from α-Ni(OH)2 to the β-Ni(OH)2 polymorph with aging in basic electrolyte solutions.
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Figure S9.  Changes in voltammetry behavior due to electrochemical conditioning for (a) CoOx, (b) Ni0.25Co0.75Ox, (c) Ni0.5Co0.5Ox, (d) Ni0.75Co0.25Ox, and (e) Ni0.9Fe0.1Ox. During anodic galvanostatic conditioning at 10 mA cm-2 films typically experienced overpotentials initially near η = 0.6 - 0.7 V that gradually decreased to η = 0.3 - 0.4 V after 6 h. Films that did not contain Ni did not show significant changes in electrochemical behavior with anodic conditioning.
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Figure S10.  Example of linear background correction for determination of integrated charge associated with Ni redox chemistry.  The red and blue lines represent the linear backgrounds and the shaded regions show the integrated areas for the film oxidation and reduction peaks.
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Figure S11.  Fits of XPS O1s spectra for the (a) CoOx, (b) Ni0.25Co0.75Ox, (c) Ni0.5Co0.5Ox, (d) Ni0.75Co0.25Ox, and (e) NiOx conditioned thin films. Plotted in each are: the raw data (dark blue), fitted peaks for adventitious carbon species (black), metal oxide peaks (orange), the total fitted peak envelope (red), the background (green), and the fit residuals (light blue). An example fit of the C 1s spectra is shown in (f) for the NiOx thin film. Co 2p3/2 spectra (g) only contain Co2+ shake-up satellite peaks (indicated by arrows) for samples with higher (≥ 50%) Ni concentrations.
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Figure S12.  Tafel plot showing four different Ni0.9Fe0.1Ox thin films samples. Three of the samples were deposited on Au/Ti coated substrates and one (shown as red circles) was deposited on ITO-coated glass. The Au electrode surface does not impart any significant enhancement to the catalysis for these materials.
B. Supplementary Discussion

1.  Confirmation of film rigidity and calibration of Cf for Sauerbrey equation

To confirm that the solution-deposited thin films meet the rigid, uniform, thin-film requirement implicit in the use of the Sauerbrey equation,2

2

 the QCM resonance near 5 MHz was measured using AC impedance analysis. The fwhm of the resonance (~80 Hz) and thus quality factor was unchanged by deposition of the 2-3 nm film, while the resonance frequency shifted ~ 100 Hz. These measurements therefore indicate that visco-elastic losses associated with the thin films are not present and that changes in resonance frequency can be directly related to changes in film mass.
The crystal sensitivity factor Cf was determined by cathodic galvanostatic electrodeposition of Ag from a 50 mM solution of aq. AgNO3 in 0.5 M HNO3. A clean, bare QCM crystal was used as the working electrode and a coil of acid-cleaned Ag wire was used as the counter/reference electrode. Ag was electrodeposited at a current of -0.2 mA for 100 s. The change in resonance frequency was linear with total integrated charge associated with Ag deposition. For dry measurements, the QCM electrode was removed from solution after Ag deposition, rinsed gently with 18.2 MΩ cm H2O, and dried with a N2 stream. Resonance frequency shifts of ~ 1500 Hz were measured relative to the initial dry resonance frequency. The measurement was repeated 5 times. The dry sensitivity factor Cf determined was 58.3 ± 3.7 Hz μg-1 cm2 where the error is ± 1σ. This compares well with the expected value of 56.6 Hz μg-1 cm2 for the 5 MHz AT-cut quartz crystal.
2.  SEM imaging

The films in Figure S3 were deposited on Si wafers to facilitate SEM imaging. As can be seen in Figures S4 and S5, images of samples on Au/Ti coated surfaces are dominated by the underlying morphology of the Au. Differences in morphology between samples before (Figure S4) and after (Figure S5) electrochemical experiments are minimal for all films. Nanoscale texturing of the NiyCo1-yOx films can be seen to decrease as the Ni content increases. Unlike the other oxides, the MnOx precursor solution deposited on Si yielded a film of nanoparticles each ~15 - 20 nm across. The particles spontaneously form during the quick annealing process. However, these particles are not observed for MnOx films deposited on Au/Ti coated substrates; MnOx films on Au/Ti appear similar to the other metal-oxide films. Since the samples on Si were used only for film imaging and not in any electrochemical measurements, the observation of these particles does not influence the interpretation of electrochemical data. Additional work would be required to understand the MnOx particle growth process on Si, but it is likely related to the different substrate surface energies in the two cases.
3.  XPS data analysis
Impurities. Analysis of the XPS data shows that N was completely removed from the films after annealing. XPS data for the annealed IrOx film shows a low-intensity feature at ~199 eV corresponding to the Cl 2p binding energy indicating that a trace amount of Cl (Cl : Ir < 0.02) remains in the sample. This feature disappears after electrochemical experiments performed in 1 M KOH, indicating that Cl is not present during catalysis measurements. No spectral features associated with K were observed in any of the XPS spectra, indicating that K does not incorporate from the KOH electrolyte. Samples containing Ni show a Mg 1s peak centered at ~1304 eV after electrochemical treatment. The amount of Mg incorporated into the samples during electrochemical cycling is ~ 3 atomic % in NiOx films and less in films with lower Ni concentrations. The Mg 1s peak is not observed in the XPS spectra measured on any of the samples before electrochemical treatment, nor in the conditioned CoOx sample. The incorporation of Mg into these samples is presumably from Mg impurities in the electrolyte solution, as is the case with Fe impurities as discussed in the main text. Interestingly, trace Mg and Fe electrolyte impurities incorporate readily into NiOx films, but are not found in the other metal oxide films studied. While the effect of Fe impurities on catalysis has been previously investigated,3

 understanding the effect of Mg impurities on NiOx OER catalytic activity will require additional study.
Probing structural changes in the catalysts by XPS. The O 1s spectra for the NiyCo1-yOx films were fit to multiple peaks in order to study the effect of film composition on the in-situ transformation from oxide to hydroxide/oxyhydroxide during catalysis. Fits for O 1s XPS spectra for the NiyCo1-yOx samples can be seen in Figure S11. Analysis of the C 1s spectra shows that there are several carbon-oxygen species in the sample, likely due to the presence of adsorbed adventitious carbon compounds. Several steps were taken during fitting of the O 1s spectra to remove the contributions from these adventitious species. The C 1s spectra was first fit to four peaks centered near 289.0 (peak A), 287.8 (peak B), 286.6 (peak C), and 285.0 eV, which correspond to species O=C–O, O=C, C–O, and C–H, respectively. The approximate positions of the corresponding O 1s ester, ether, and ketone peaks were obtained from López et al.
4

 (at 533.7, 532.8, and 532.2 eV, respectively). The position of the ester (O=C–O, peak a) oxygen is set at 533.7 ± 0.2. The positions of the ether (C–O, peak b) and ketone (O=C–O and O=C, peak c) oxygens are constrained to -0.9 ± 0.2 and -1.5 ± 0.2 relative to the position of the ester peak. During fitting iterations, the full-width at half maximum (fwhm) of the component O 1s peaks were set to 1.6 eV (a reasonable value based on the fwhm of the C-H C 1s peak), except when fitting the spinel oxide peak near 529.6 eV as this peak has been reported to be somewhat narrower than other oxide and hydroxide species.
5,6
 Additional peaks (1 or 2) were then added to account for the metal oxide and hydroxide species in the films. The positions of these remaining peaks are consistent with previously reported XPS analyses of cobalt and nickel oxide and hydroxide species as discussed in the text.
The Co 2p3/2 XPS spectra also show evidence for changes from an oxide to hydroxide-like environment. Co 2p3/2 XPS spectra show characteristic “shake-up” satellite peaks due to the Co2+ d5 high-spin electron configuration.
 ADDIN EN.CITE 
8,9,11
 These peaks are expected to grow after conversion from spinel Co3O4 (predominantly Co3+) to Co(OH)2 (Co2+). Shake-up satellites are only observed (see Figure S11g) in the samples with higher Ni concentrations such as Ni0.5Co0.5Ox and Ni0.75Co0.25Ox. This suggests that the CoOx and Ni0.25Co0.75Ox samples show limited incorporation of Co into the hydroxide structure as Co2+, which is consistent with the hypothesis that Co inhibits the in-situ transformation to the layered double hydroxide structure.
4.  Sources of error and error propagation as reported in Table 3


Values reported for overpotential, current density, and Tafel slope are the average of three independent measurements on three different thin-film samples. The reported error is the standard deviation (σ) of the three measurements. The errors reported for the film loading values arise from small changes in the QCM resonance frequency due to inconsistencies when remounting the quartz crystal into the holder. To minimize this error the screw-on cap of the crystal holder was tightened the same amount for each measurement, and care was taken to orient the crystal in the holder in the same position for each measurement. To determine the error due to crystal mounting (σmounting), the oscillation frequency was measured 10 times for each sample by repeatedly removing and remounting the crystal in the holder. Furthermore, the film loading is also affected by the calibrated value of the sensitivity factor Cf, which was found to be 58.3 ± 3.7 Hz μg-1 cm2 where the error is ± 1σsensitivity as determined from four independent measurements. The total error in the film loading is therefore found using Eq. S1:
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      (Eq. S1)

The values of mass activity (A g-1) are calculating from the film loading ℓ in g cm-2 and the measured current density J in A cm-2 at 0.3 V overpotential:
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(Eq. S2)
The values of turn-over frequency (TOF) are calculated from:
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      (Eq. S3)
where A is the surface area of the QCM electrode, F is Faraday’s constant, and m is the number of moles of metal deposited in the film calculated from ℓ and the molecular weight of the metal oxide composing the film.

Since J and ℓ have independent uncorrelated sources of error, the propagation of uncertainty to the values of TOF and specific activity can be determined using equation S4:
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[image: image17.wmf](Eq. S4)
where σf is the propagated error, f is the calculated value of specific activity or TOF as determined using equation S2 or S3, respectively, and σJ and σℓ are the errors associated with J and ℓ, respectively. 
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