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Artificial photosynthesis is the electrochemical decomposition of water into oxygen and
hydrogen driven by solar energy, allowing for the storage of solar energy in chemical bonds.
Integrated photoelectrochemical cells (PECs), such as the “artificial leaf,” have the potential to
reduce the cost of artificial photosynthesis. In a buried-junction PEC configuration, a catalyst for
the oxygen evolution reaction (OER) is deposited onto one surface of a photovoltaic, with a
catalyst for the hydrogen evolution reaction (HER) deposited on the opposite side. Such designs
eliminate the need for metallic wires, thereby reducing the material cost of the device.

A problem faced by the artificial leaf is a loss in efficiency resulting from the absorption of
sunlight by the catalyst. Catalysts can be appropriately distributed using lithography, but at a
significant expense of time and material. In view of this challenge, simple electrochemical
methods can be used to control the distribution of catalyst on a substrate. Here, we examine an
electrochemical method that allows for the patterning of metal oxides over conductive surfaces.
Reactive interfacial patterning promoted by lithography, or “RIPPLE,” allows for the formation
of sub-micron ridges of oxide by employing cyclic voltammetry. The method is expanded to
include oxides that are known as efficient OER catalysts. Furthermore, the tolerance of this
method to pattern electrochemically-deposited metal films, as well as metal films on rough
substrates, suggests it is well suited for patterning catalysts in a scalable fashion.

We find that the patterns generated by RIPPLE using a linear potential scan (cyclic voltammetry)
can be identically reproduced by utilizing a square wave function (binary-potential step method).
The reduction of applied potentials not only simplifies the method, but also sheds light on the
mechanism by which the patterns are formed. A scaling analysis reveals the mass transport
limitations that govern pattern formation. We further investigate how the lithographic resist
influences mass transport. Understanding this relationship inspires a new patterning technique
that allows us to substitute the lithographic resist with an emulsion. Finally, we attempt
patterning at a triple-phase interface, thereby obviating the masking requirement altogether.

The dynamics of metal oxides under OER catalysis is of relevance to the preservation of oxide
patterns. An oxide undergoing dynamic changes to its surface would result in a homogenously
distributed film. We explore the dynamics of a Co oxide-based OER catalyst as a function of pH,
which elucidates fundamental behavior of the catalyst during deposition and OER operation.
Furthermore, we investigate dynamic catalysts that exploit the equilibria observed under
dynamic conditions.
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LIST OF FIGURES

Figure 1.1. (a) Atmospheric CO, as measured from Mauna Loa Observatory,
Hawaii (e.g. the Keeling Curve). Longest record of direct measurements of CO,
(=) and seasonally corrected data (==). Data from Reference S. (b) Model
depicting greenhouse effect. Temperature without greenhouse gases (==), with
natural greenhouse gases (=), and with anthropogenic CO, (==). Readapted from

Reference 7.

Figure. 1.2. The Sun is an ideal source of energy. Left: The Sun is depicted with
sustained nuclear fusion occurring in its core. Center: Solar radiation diffuses
through space and eventually reaches the Earth, where some is absorbed and
reflected by the atmosphere. Readapted from Reference 18. Right: The daily
availability of terrestrial solar energy on Earth’s surface, showing relative intensity

of sunlight representative for daily time course.

Figure 1.3. Economic viability of a solar energy system for a homeowner. Plot
assumes California household with a 10 MWh demand, a 4 kW PV array, a 4 kWh
battery, and flat retail rates. Prices as of December 2015 shown as gray oval.
Rooftop PV modules only add net present value (NPV) to a home if electricity
retail rates increase, or PV or storage systems decrease. Readapted from Reference
21.

Figure 1.4. Co-OEC, a hydrous metal oxide catalyst for the OER half-reaction. (a)
Structure of catalyst as determined from XAS with octahedral Co (blue spheres)
bound to bridging O (red spheres).. (b) Edge sites are the proposed active sites of
Co-OEC. Mn-OEC and Ni-OEC are proposed to have analogous bulk structures

and bridging-oxo active sites. Reprinted with permission from Casey Brodsky.

Figure 1.5. Schematic of an integrated, wireless solar water-splitting device. The
hydrogen evolving catalyst (HEC) can be NiMoZn or CoP.

Figure 1.6. (a) Exchange current density as a function of charge passed during film
deposition. Charge passed correlates with the number of active sites, which

increases activity and film thickness. This results in a diffusion limitation to active
sites. Activity is predicted to obey I,=I§"*tanh( Qdep / Q;g) , where I;"* is exchange
current limited by diffusion and Q;f; is where activity begins to become less

dependent on film thickness. The red square marks the charge passed for the film
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shown in (b). (b) Co-OEC film (below yellow tape) on FTO illustrating parasitic
light absorption of a film were Qdep =300 mC/cm>

Figure 1.7. Catalytic waves for OER catalysts with high (- ) and low (=) Tafel
slopes overlaid with j-V curves for a buried junction device before (=) and after
(=) catalyst loading. Dashed lines show relative operating current densities for the

four combinations.

Figure 1.8. Schematics of PECs with various OEC loadings and distributions. (a)
Thick, homogenously distributed OEC significantly blocks PV from light (b)

Homogenously distributed OEC must be extremely thin (3 nm, far below Q; eppt ) in

order not to impair PEC efficiency. (c) Thick OEC distributed on half of the PEC
allows light transmission, but holes must flow from the most distal excited site
(yellow circle) and to the most distal active site (blue circle), thereby increasing
resistive loss (p of FTO = 7-41 Q/sq). (d) Evenly distributed OEC shortens the
path length that holes must travel to reach active sites. (e) Further distributing
OEC increases mass transport, but also results in higher current densities.
(f) Combination of (b) and (e) yet to be explored.

Figure 1.9. The RIPPLE technique, as first reported, can be summarized in 8 steps
represented by the arrows: 1. Substrate surface is prepared for coating (p-Si is
etched) 2. Optional protective layer, such as ITO, is sputtered onto the substrate.
3. Material film is deposited. 4. Resist is spin-coated over film. S. Resist is exposed
using lithography. 6. Resist is developed. 7. Cyclic voltammetry is performed on the
sample. 8. Resist is stripped off.

Figure 2.1. (a) SEM image (SE2 detector) of a 250 nm Co film patterned by
RIPPLE by cycling from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M H,SO.. (b)
Cyclic voltammogram used to generate pattern in (a). Scan order designated on left
side. (c) SEM image (SE2 detector) of a 250 nm Co film patterned by RIPPLE by
cycling from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M K,SO..

Figure 2.2. Patterns generated by cyclic voltammetry, with five cycles from 0.4 V to
and from 1.3 V at 100 mV/s in 0.1 M K;SO.. (a) SEM images (In-lens detector,
grey) and EDS maps for cobalt (green), oxygen (red), and silicon (blue). (b) 3D
rendering of AFM height data with height profile of diametric cross-section (inset
on bottom right).
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Figure 2.3. Patterning metals by RIPPLE in the presence of Cl". (a) SEM image
(SE2 detector) of a 250 nm Ni film patterned by RIPPLE by cycling from 0.4 V to
and from 1.3 V at 100 mV/s in 0.1 M H,SO, and 0.5 M KCl. (b) AFM height map
for a pattern in (a). (c) SEM image (SE2 detector) of a 250 nm Co film patterned
by RIPPLE by cycling from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M H,SO,
and 0.5 M KCL. (d) AFM height map for a pattern in (c).

Figure 2.4. Roughness of different substrates as determined from AFM. (a) AFM
height map of Si wafer. Surface roughness Rrusvalue of 350 pm. (b) AFM height

map of FTO-coated glass. Surface roughness Rgys value of 6.4 nm.

Figure 2.5. A patterned film on FTO-coated glass. (a) FTO coated with 250 nm
Co and PMMA resist, after patterning. Transparent section at bottom is where the
sample was exposed to 0.1 M K,SO, during a cycle from 0.4 V to and from 1.3 V at
100 mV/s. (b) SEM image (SE2 detector) of patterns on sample in (a). Patterns are

located at arrays of holes in resist.

Figure 2.6. 120 C/cm? Co electroplated onto FTO. (a) SEM image of the film’s
structure. (b) SEM image of the edge of electroplated Co metal film (120 C/cm?)
delaminating from underlying FTO. (c) Magnification of blue box in (b).

Figure 2.7. RIPPLE pattern in electroplated Co. Patterns generated by cyclic
voltammetry, with five cycles from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M
K;SOs4. SEM image (grey) and EDS maps for cobalt (green), oxygen (red), and

silicon (blue).

Figure 2.8. FIB cross section of a RIPPLE pattern in electroplated Co. From top to
bottom: SEM image (grey) and EDS maps for cobalt (green), oxygen (red), and

silicon (blue). First ring from center is on left; second ring from center is on right.

Figure 2.9. Anodization of a Co RIPPLE pattern. (a) Current trace for Co
patterned by RIPPLE held at 0.85 V (below OER but above the Co**/* couple).
(b) EDS elemental maps of RIPPLE pattern after anodization for cobalt (green)
and oxygen (red) (c) CV of Co patterned by RIPPLE after anodization, scan rate
0.1 V/s. Prewave at 0.8 V corresponds to Co*"/** couple, while catalytic wave at left
is indicative of OER.

Figure 2.10. OER over 10 hr using a Co sample patterned by RIPPLE. (a) Current
trace for anodized Co sample held at 1.0 Vin 0.1 M KP;, pH 7. (b) O, evolved by
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patterned Co-OEC as measured by a fluorescent probe (red) and O, calculated

from charge passed assuming a quantitative Faradaic efficiency (black).

Figure 2.11. Patterns after 10 hrs electrolysis at 1.0 Vin 0.1 M KP;, pH 7. (a) SEM
image of Co RIPPLE pattern, ET = 3 kV. (b) SEM image (ET = 14 kV, grey) and
EDS maps for cobalt (green), oxygen (red), and silicon (blue).

Figure 2.12. H; plasma-enhanced reduction of a Ge pattern, (a) before and (b)
after PECVD. SEM micrograph (grey) and EDS elemental maps for germanium
(yellow), oxygen (red), and silicon (blue).

Figure 2.13. EDS spectrum for H, plasma-enhanced reduction of a Ge pattern,
before (red) and after (blue) PECVD. Peaks correspond to O K-edge (K 0.53 keV),
F K-edge (0.68 keV), Na K-edge (1.04 keV), Ge L-edge (1.19 keV), Al K-edge
(1.49keV), and Si K-edge (1.74 keV).

Figure 2.14. H; plasma-enhanced reduction of a Co pattern, (a) before and (b)
after PECVD. SEM micrograph (grey) and EDS elemental maps for cobalt (green),
oxygen (red), and silicon (blue).

Figure 2.15. EDS spectrum for H, plasma-enhanced reduction of a Co pattern,
before (red) and after (blue) PECVD. Peaks correspond to O K-edge (K 0.53 keV),
F K-edge (0.68 keV), Co K-edge (0.78 keV), Al K-edge (1.49 keV), and Si K-edge
(1.74 keV).

Figure 2.16. Pourbaix diagram for Co in water, 25 °C. Not all species considered.
Colors denote theoretical conditions for metallic Co (green), corrosion (red), and
passive oxide formation (blue).Arrows represent equilibria shifting as [Co*']
increases from 10 nM to 1 M. Dashed lines mark H,/H* equilibrium (bottom) and
H,0/O0; (top). Data from Reference 9.

Figure 2.17. Pourbaix diagram for Ni in water, 25 °C. Not all species considered.
Colors indicate theoretical conditions for metallic Ni (green), corrosion (red), and
passive oxide formation (blue). Dark red region is probable experimental
conditions of corrosion in solutions not containing chloride. Arrows represent
equilibria shifting as [Ni**] increases from 10 nm to 1 M. Dashed lines mark H,/H*
equilibrium (bottom) and H,O/O; (top). Data from Reference 9.
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Figure 2.18 The effect of increasing the concentration of chloride for Niin 0.5 M
H,SO, with no chloride (black), 0.1% NaCl (red), 0.5% NaCl (blue), and 3.5%
NaCl (green). Data from Reference 10.

Figure 3.1. (top) Potential-time view and (bottom) corresponding current-time

view of a binary-potential step method for patterning cobalt in 0.1 M K,SO..

Figure 3.2. Patterns formed in a Co film by alternating between 0.4 V (10 s) and
1.3 V (3 s) 10 times in 0.1 M K5SOy. (a) Optical microscope images at 50x

magnification. (b) SEM image (top left) and EDS elemental maps of cobalt
(green), oxygen (red), and silicon (blue). (c¢) AFM map with height-profile of a

diametric cross section (inset on right).

Figure 3.3. Dependence of Co pattern geometry on potential duration for five
applications of the two-potential sequence, 0.4 V and 1.3 V, followed by one
application of 0.4 V. To determine the effect of the duration of 0.4 V, 1.3 V was
held for 3 s for each application and 0.4 V was held for the specified time indicated
over each image (horizontal row). Similarly, 0.4 V was held at 10 s each application
and 1.3 V was held for the time identified at the left of each image (vertical
column). The center image shows both potentials held for 3 s. Samples imaged at

50x magnification.

Figure 3.4. Patterns in Co with conserved radial dimensions formed by
sequentially increasing potential step durations in 0.1 M K,SO,. Images from (a)
optical microscope with S0x objective and (b) SEM.

Figure 3.5. Evolution of the same Co pattern generated by alternating between 0.4
V (10s) and 1.3 V (3 s) ten times (graphically described by Figure S1). (a) After
10 s, (b) 13 s (c) 23 s, and (d) the final pattern (75 s). Red dashed-circle
corresponds to the etch front after applying 0.4 V for 10 s. Sample imaged at 63x

magnification using water immersion objective.

Figure 3.6. Patterns formed in a Ge film by altering between 0.4 Vand 1.1 Vin 0.1
M K;SO.. (a) SEM micrograph of a pattern after five repetitions of the sequence
0.4 V (20 s) followed by 1.1 V (20 s). (b) EDS map for O of (a). (c¢) SEM
micrograph of a pattern after five repetitions of the sequence 1.1 V (20 s) followed
by 0.4V (20 s) (reverse of (a)). (d) EDS map for O of (c).

Figure 3.7. Dependence of Ge pattern geometry on potential duration for five
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applications of the two-potential sequence, 1.1 V and 0.4 V, followed by one
application of 1.1 V. To determine the effect of the duration of 0.4 V, 1.1 V was
held for 20 s for each application and 0.4 V was held for the specified time indicated
over each image (horizontal row). Similarly, 0.4 V was held at 20 s each application
and 1.1 V was held for the time identified at the left of each image (vertical
column). The center image shows both potentials held for 30 s. Samples imaged at

50x magnification.

Figure 3.8. Application of (a) 0.2V, (b) 0.3V, and (c) 0.4 V for 10 s. Red dashed-
circle corresponds to the etch front after applying 0.4 V for 10 s. Sample imaged at

50x magnification.

Figure 3.9. Applying 0.4 V over 30 s, followed by 1.3 V over 20 s successively (left
column) and after a 30 min delay at open circuit (right column). SEM images

(grey) and EDS maps for cobalt (blue), oxygen (red), and silicon (green).

Figure 3.10. (a) A schematic showing the diffusion from the etching front to the

bulk electrolyte. Arrows schematically indicate the diffusion flux of Co%*. Cross

section is axisymmetric around the dash-dotted line. (b) Finite element simulation

for the steady state concentration distribution of Co2t (=), S042~ (=), and K*

(==) under the resist. Dashed black line marked the edge of the opening.

Figure 3.11. Predicted ring spacing from finite-element simulations. Ring
positions (blue) relative to a 1 um-diameter circular opening (black). Note ring

spacing decreases with increasing distance from the opening.

Figure 3.12. Pourbaix diagram for Ge in water, 25 °C. Not all species considered.
Colors indicate theoretical conditions for metallic Ge (green), corrosion (red), and
passive oxide formation (blue). Arrow represents equilibrium shifting as [HGeO5]
increases from 0.1 mM to 1 M. Dashed lines mark H,/H* equilibrium (bottom)
and H,O/O; (top). Data from Reference 2.

Figure 4.1. Optical micrographs of patterns formed under 950 PMMA C4 spin-
coated at 4000 rpm. Patterns were generated by alternating between 0.4 V (10 s
steps) and 1.3 V (3 s steps) 25 times in 0.1 M K;SO4. Note, rings become less

defined and coalesce as the pattern moves further from the opening in the resist.
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Figure 4.2. (a) AFM height data of 950 PMMA C4 spun at 4000 rpm after cycling
between 0.4 V and 1.3 V. Unsymmetrical increase in surface height in respect to the
opening in the resist is an artifact caused by scanning parallel to the x-axis. (b)
Composite of image in panel (a) overlaid on an AFM height map of a pattern

(mapped without solution or resist) generated on the same sample.

Figure 4.3. Patterns formed by applying 0.4 V (3 s) followed by 1.3 V (3 s) ten
times in 0.1 M K,SO.. Resist type (S1800 series photoresist or PMMA e-beam
resist) denoted at top left. Film thickness at top right. Optical microscope S0x

objective.

Figure 4.4. Patterns beneath resists examined by solution AFM. (a) S180S spin-
coated at 7000, (b) S1805 spin-coated at 2000 rpm, (c) S1818 spin-coated at 3000
rpm and (d) 950 PMMA C4 spin-coated at 4000 rpm. The electrochemical
methods to generate the patterns are as follows: application of 0.4 V (3 s steps)
followed by 1.3V (3 s steps) 4 times for patterns in panels (a) and (b), 10 times for
patterns in (c) and (d). Black dashed circles are 20 pm in diameter.

Figure 4.5. AFM height maps of select resist surfaces after patterning. (a) S1805
spin-coated at 7000 (280 nm), (b) S180S spin-coated at 2000 rpm (480 nm), (c)
S1818 spin-coated at 3000 rpm (2100 nm), and (d) 950 PMMA C4 spin-coated at
4000 rpm (740 nm). Unsymmetrical increase in surface height in respect to the
opening in the resist is an artifact caused by scanning in the x-direction. (a) and (b)

exhibit tears near the opening caused by the AFM tip.

Figure 4.6. Patterning by a lithography-free approach using lacquer beads as a
mask. (a) Lacquer-water emulsion. (b) Beads of lacquer drop-casted onto cobalt.
(c) Patterns formed under lacquer beads by applying 3 s steps of 0.4 V followed by
1.3 V 15 times in 0.1 M K;SO.. (d) AFM height map of a pattern formed by the

procedure used in (c).

Figure 5.1. (a) Schematic of system used for patterning using an electrochemically
generated gas bubbles. A moving boundary is defined as metal is etched from under
the bubble. (b) and (c) Optical micrographs of rings made after applying 1-s step
potentials of 0.4 V and 1.3 V. 20x magnification.

Figure 5.2. Patterning at the solution-air interface. (a) A samples patterned using

the lacquer emulsion method in Part 4. Round pattern in center is due to a lacquer
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bead. (b) Toward the upper limit of patterning in the sample shown in (a). Pattern

gradually becomes less defined. 20x magnification.

Figure §5.3. Schematic illustrating operation of dip coater as utilized for

electrochemically patterning oxide over the surface of a substrate.

Figure 5.4. Co-coated FTO (a) before and (b) after being electrochemically
patterned using immersion to generate a moving boundary. Optical micrographs
(20x) of the patterned surface (c) at the center and (d) at the edge of the sample.

Figure 5.5. Ridges on patterned sample from Figure 5.3. (a) SEM of oxide ridges
(grey), with corresponding EDS elemental maps for Co (green), O (red), and Sn
(blue). (b) Linear addition of elemental EDS maps shown in (a).

Figure 5.6. SEM micrograph from Figure 5.4 magnified 2.25 to show local ridge
distribution. (a) SEM of oxide ridges (grey), with corresponding EDS elemental
maps for Co (green), O (red), and Sn (blue). (b) Linear addition of elemental
EDS maps shown in (a).

Figure 5.7. Integrating sphere (a) transmittance and (b) reflectance spectra for
Co-OEC on FTO and patterned electrochemically Co on FTO. FTO (~), 30
mC/cm? CoPi (==), 150 mC/cm? CoPi (=), 250 mC/cm? CoPi (==), 400
mC/cm? CoPi (=), and patterned sample (==) after anodization in KP;at 1 V (30

min).

Figure 5.8. Current-time profile for 30 mC/cm?* Co-OEC (==) and the patterned
sample above (==) held at 1.0 V in KP;, pH 7.

Figure 5.9. Potential-time traces for patterning a Co-coated (100 nm) FTO using
a binary-potential step method coupled with immersion (10 um/s). (a) Applied
voltage steps of 0.4 V and 1.3 V vs. Ag/AgCl. (b) OCP-time trace vs. Pt counter

electrode resulting from the potential-time trace in (a).

Figure 5.10. Circuit diagram for a device for patterning using the triple-phase
interface method. Potentiometers govern wave height (right), pulse width (top
left), and amplitude (bottom left). Square wave circuit design elements adapted

from Reference 16. Electrical output tested in circuit simulator.

Figure 6.1. (a) Schematic of four-electrode configuration. The first electrode (E1)
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is 1 cm? FTO loaded with 30 mC CoP;. The second electrode (E2) is 1 cm? FTO.
E2 is held at 0.85 in both experiments. Electrolysis proceeds for 72 hr. (b) OER
currents for E1 and E2. For the experiment where E1 is poised at 1 V: E1 before
electrolysis (==), E1 after electrolysis (==), E2 after collection (==). For the
experiment where E1 is at open circuit potential: E1 before electrolysis (=), E1
after electrolysis (=), and E2 after collection (~). FTO (dashed ) represents
E2 before.

Figure 6.2. Fabrication of CoP; micro-discs on FTO: 1. Resist is spin-coated over
film. 2. Holes (S0 pm dia) are made in the resist using lithography. 3. CoP; is
electrochemically deposited into holes in resist. 4. Resist is stripped off. (bottom left

inset) Optical micrograph of CoP; micro-disc.

Figure 6.3. Circle of 150 mC/cm?* CoP; on 1 cm® square section of FTO before
(left column) and after, 24 hr electrolysis at 1 V in KP; buffer (pH 7) without
(center column) and with (right column) stirring 24 hr. Rows correspond to SEM
(grey), Co (cyan), P (yellow), O (green), and Sn (magenta).

Figure 6.4. CVs at various [Co?*] and pHs. [Co*]: 0 mM (=), 1 mM (~), 10
mM (=) and 100 mM (=). (a) pH 2.5, (b) pH 3.0, (c) pH 3.5, (d) pH 4.0, (e)
pH 4.5, (f) pH 5.0, and (g) pH 5.5.

Figure 6.5. Pourbaix diagram for 1 mM Co?*. E corresponds to a current density of
S mA/cm® The blue line is a linear fit for pH 2.5-4 and has a slope of -118
mV/pH.

Figure 6.6. Expanded views of micro-prewaves for 1 mM Co*". pHs: 5.5 (=), 5.0
(=), 10 mM (=) and 100 mM (==).100 mM (==).100 mM (==).100 mM (==).
(a) Enlarged current scale of pH composite from Figure 6.4 showing micro-
prewave (10 pA/cm?) (b) Forward scans of micro-prewaves shifted by 120pH V to
highlight pH dependence. Current and potential scales reversed for clarity of

increase. Note prewave (==) rising at left of catalytic waves.

Figure 6.7. Expanded view of Figure 6.3c (pH 3.5) illustrating Co dependence of
micro-prewave. [Co**]: 0 mM (==), 1 mM (~), 10 mM (==).

Figure 6.8. Bulk electrolysis with FTO electrode at 1.3 V, KP; (pH 2.5), 1 mM
Co™.
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Figure 6.9. (a) Current profile for a 100mC/cm? CoP; film immersed in 0.1 M
H;PO, while operating at 1.8 V. Cell volumes compared are 4 mL (=) and 40 mL
(==). FTO without CoP; operating at identical conditions in a 40 mL cell is
provided for reference (=). (b) An expanded view of steady state currents
observed in (a). No stirring was used. Cells contain two identical compartments

separated by a frit.

Figure 6.10. O, probe data for 250mC/cm* CoP; film immersed in 8 mL 0.1 M
H;PO, while operating at 1.8 V. Measured O, (==) and theoretical O, calculated
from charge passed (=).

Figure 6.11. Tafel plot for 0.2 M Fe(III)(NO3); (pH 3) with iR subtraction from 1
(®) and without iR compensation (®). Lines fit to uncompensated data from
10%%-10*" A () and 10*'-1073? A () exhibit Tafel slopes of 56 mV/dec and
325 mV/dec. Overpotential scale calculated for OER in pH 3 and referenced to
NHE.

Figure 6.12. Current trace of 0.2 M Fe(NOs); at 2.0 V, corresponding to upper
limit of Tafel plot in Figure 6.11.

Figure 6.13. Tafel plot for 0.2 M Fe(H;C,0); (pH 3) without stirring and
withough iR compensation (®), with stirring and iR compensated for measured
resistance (Rero+Reotution) () and compensated only for FTO (Rero ~20 Q) (@).
Linear fit for iR uncompensated data from 1034-10"° A () exhibits a Tafel slopes
of 26 mV/dec. FTO (©) and IrOx (©) data for reference. IrOx data acquired in pH
1 and corrected for pH 3 assuming 60 mV/pH Nerstian shift. Overpotential scale
calculated for OER in pH 3 and referenced to NHE. IrOx data from Reference 9.

Figure 6.14. CV for 0.2 M Fe(H;C,0,); at 10 V/s. iR compensation set to 0 Q
(==),10 Q (~),20 Q (=), 30 Q (=), 40 Q (=), and 41 Q (==). Note: solution

resistance varies with each setup.

Figure 6.15. OER faradaic efficiency measurements for 0.2 M Fe(H;C,0,); at
high current densities. (a) O, evolved at 1.75 V as measured by fluorescent probe
1.75 V (==)and O, evolved assuming 100% Faradaic efficiency of charge passed
(==). (b) Faradaic efficiency measured by gas chromatography.
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Figure 6.16. In situ UV-Vis spectrum for dilute (~0.01 M) Fe(H;C,0,); in 0.1 M
HNO; operating at 1.8 V. Spectra normalized to 700 nm (not shown). Note
shoulder at 275-320 nm and feature at 520-560 nm characteristic of FeO,*".

Figure 6.17. Mechanism for CoP; adapted from Reference 17 with additional
pathways A, B, and C.

Figure 6.18. Pourbaix diagram for a CoPi film operating at 30 pA, illustrating third
and first order proton dependence for deposition (®) and OER (®), respectively.
Note the predicted crossover region at pH 5.5, where the red line for OER crosses

the green line extrapolated for deposition. Data from References 18 and 22.

Figure 6.19. Pourbaix diagram for Fe in water, 25 °C. Colors indicate theoretical
conditions for solid Fe (green) and soluble (red). FeO.*, a species of interest for
OER catalysts, is labeled in yellow. Arrow represents equilibrium shifting as [Fe®*]
increases from 0.1 mM to 1 M. Dashed lines mark H,/H* equilibrium (bottom)
and H,O/O; (top). Data from Reference 21.

Figure 6.20. (a) Tetrahedral structure of ferrate. (b) Bi-ferrate structure formed

under acidic conditions.
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1.1 Motivations for solar energy

The cumulative global effects of burning fossil fuels make a revolution in energy produc-
tion one of the most urgent pursuits of our lifetime. Indeed, the ultimate applications of this pro-
ject are with that goal in mind. While it is tempting to subscribe to any technological pursuit that
advertises to curb CO, emissions, it is important to first understand the underlying problems so

that valuable resources (i.e. time and money) are not rashly wasted.!

1.1.1 Fossil fuels and conventional energy production

The combustion of fossil fuels (natural gas, petroleum, and coal) presently accounts for
86% of the United States’ energy production (1.9 x 10" metric tons oil equivalent) and 86%
(1.1 x 10" metric tons oil equivalent) of global energy production.> To put this number in per-
spective, the current global consumption of energy in fossil fuels amounts to burning the volume
of Lake Erie in crude oil every S years.’ Fossil fuels represent a sink for carbon in the long-term
carbon cycle, where carbon is exchanged between rocks, the ocean, the atmosphere, the bio-
sphere, and soil on the order of millions of years.* Complete combustion of the fuel releases
chemical energy as carbon and hydrogen are oxidized, which results in the emission of CO, and

water according to Equation 1.
J J
C.H, + (x+%) 0, —xCO, + LH,0 (EqL.1)
Modern atmospheric CO, concentration has thus increased since the beginning of mass fossil
fuel utilization during the industrial revolution, as evidenced by nondispersive infrared spectros-

copy of the atmosphere and analysis of bubbles in ice cores.* Global CO, levels have just exceed-

ed 400 ppm in 2017 (Figure 1.1a), higher than in the last 600 millennia and likely higher than in



the past 20 million years. Fossil fuels and cement emissions are calculated to have had a cumula-
tive output of 3.3 x 10" metric tons of carbon between 1850 and 2006, with an additional 1.6 x
10" metric tons resulting from deforestation. In all, anthropogenic CO, is estimated to consti-

tute 30% of present-day atmospheric CO,.°
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Figure 1.1. (a) Atmospheric CO, as measured from Mauna Loa Observatory, Hawaii (e.g. the
Keeling Curve). Longest record of direct measurements of CO, (==) and seasonally corrected
data (==). Data from Reference S. (b) Model depicting greenhouse effect. Temperature without
greenhouse gases (==), with natural greenhouse gases (=), and with anthropogenic CO, (==).
Readapted from Reference 7.

Since CO, is passive towards short-wavelength solar radiation and absorbs long-
wavelength IR radiation, such as heat radiating from Earth, CO, acts as a “greenhouse gas” and
effectively elevates the altitude where outgoing IR radiation escapes Earth (Figure 1.1b).” Svante
Arrhenius was the first to provide a rigorous calculation on how man-made CO, might influence
the global climate.®” Since then, more elaborate models have been developed to predict the in-
fluence of CO, on global temperatures, which predict changes from catastrophic sea level in-
creases to changes in weather patterns.'®"' Indeed, an increase in average temperatures as low as

0.8 C could trigger irreversible positive feedback loops."" Today, the hike in anthropogenic CO,



has manifested as an extensive list of national climate-related problems and the warmest years on
record.”"

The CO, problem is intensified by predictions of a growing global population, which is
expected to require a 100% increase in energy demand from 2000 to 2050."* The lower carbon
intensity of gross world product (CO, emission required for a unit for global economic growth),
coupled with rapidly increasing CO, emissions, exacerbates the spike of CO; in the atmosphere.*
The CO, problem is thus a larger energy problem, particularly in the developing world, where
soaring populations and want of technological capabilities and infrastructure drive down the
carbon intensity of GDP. A logical answer is finding an affordable solution to primary energy
production that can accommodate the developing world. Nuclear, wind, and biomass energy
sources are not tenable replacements.'* Across all measures, the Sun universally stands out as the

best alternative energy source and the only single alternative source that can satisfy the global

energy demand."

1.1.2 Solar energy

The Sun is a main sequence star of spectral class G. At its core, protons are converted
into He through proton-proton chain fusion." Since the sum of four protons weighs less than a
helium nucleus, 0.7% of the protons’ mass is released as energy and shed as radiation, which in
turn “powers” the star (Figure 2, left). The Sun converts 4.3 x 10° kg into energy every second,
outputting 3.8 x 10'* TW.'® Despite this enormous power, the Sun is estimated to maintain hy-
drostatic equilibrium for another 4.5 x 10° years.

As solar radiation emitted by the Sun travels through space, it diffuses. It is then ab-

sorbed and reflected by Earth’s atmosphere (Figure 1.2, center). The energy density of sunlight



that reaches Earth’s orbit is 1,367 W/m? and averages 200 W/m” at midlatitudes."” In total, the
sun deposits 120,000 TW of radiation onto the Earth’s surface, or 10,000 times the power that
humans use today and, unlike conventional fossil fuel combustion, direct solar-to-electric tech-
nologies can generate primary energy without detrimental emissions. Given that this extraordi-
nary energy is distributed across the planet, sunlight is the only scalable, stable, clean, and readily

available alternative energy source to meet the forecasted energy demand of the next several

decades. '

X-Rays
Extreme UV 10-120 nm
Far UV 120-200 nm

Figure. 1.2. The Sun is an ideal source of energy. Left: The Sun is depicted with sustained nu-
clear fusion occurring in its core. Center: Solar radiation diffuses through space and eventually
reaches the Earth, where some is absorbed and reflected by the atmosphere. Readapted from
Reference 18. Right: The daily availability of terrestrial solar energy on Earth’s surface, showing
relative intensity of sunlight representative for daily time course.

A challenge to solar energy dependence is that its carrier particle, the photon, cannot ef-
ficiently drive mechanical or electric appliances. (Photons have neither mass nor electric
charge.) This presents the challenge of engineering a system that directly utilizes solar energy
and thus requires a method to convert photons to electricity or heat.

Another disadvantage of solar energy is the flux of insolation. Insolation experiences

diurnal variation, as well as annual variation due to Earth’s axial tilt (Figure 1.2, right). The shade



of clouds can influence terrestrial solar radiation for spans ranging from minutes to weeks. If so-
lar energy were to displace fossil fuel, a reliable storage system is necessary to provide constant

energy during periods of little to no sunlight.

1.2 The components of a competitive solar energy system

While there are many components that go into constructing an operable solar energy
system, it is useful to think of the complete system as two sub-systems: a mechanism for convert-

ing solar energy and a mechanism for storing the solar energy.

1.2.1 Converting solar energy

The photovoltaic effect represents the most direct conversion from sunlight into elec-
tricity. Sunlight (as photons) illuminates a semiconductor and electric energy is generated im-
mediately. No additional steps are needed for the conversion.'” The lack of additional steps
makes photovoltaics (PVs) a promising mode of harnessing solar energy. Conventional solar
cells are fabricated from Si, one of the most common elements on Earth. A depletion layer is
formed at the junction between p-type and n-type Si, which in turn creates an electric field. The
electric field separates hole-electron pairs that are formed when electrons are excited by sunlight,

and this results in electricity.

1.2.2 Cheap PVs are not enough
Solar electricity is still extremely expensive, and therefore not yet competitive with elec-

tricity generated from fossil fuel."?° For PV systems to become competitive, the levelized cost of



electricity from a PV must achieve grid parity.”' As Figure 1.3 illustrates, the success of a practical
solar energy system is dependent on both the cost of the PV module, as well as the cost of stor-

age.
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Figure 1.3. Economic viability of a solar energy system for a homeowner. Plot assumes Califor-
nia household with a 10 MWh demand, a 4 kW PV array, a 4 kWh battery, and flat retail rates.
Prices as of December 2015 shown as gray oval. Rooftop PV modules only add net present value
(NPV) to a home if electricity retail rates increase, or the cost of PV or storage systems decrease.
Readapted from Reference 21.

Installing a PV system can cost three times that of the battery system.*' However, as Fig-
ure 1.3 illustrates, the cost of electricity from a PV system is competitive with electricity retail
rates, while the cost of storage decreases the net present value of the total system. Therefore, the
cost for the storage system also limits the competitiveness of a solar energy system. This prob-
lem also presents the opportunity to make a more competitive solar energy system by lowering

the cost of the storage system. There are three key qualities identified as necessary for a cost-



effective storage system: efficiency, robustness, and scalability.”> All three of these factors will

influence the levelized cost of solar electricity.

1.2.3 Using the oxidation of water to store energy
As an abundant material on Earth, water is an ideal material to incorporate into a storage system.
Water-splitting is the electrolysis of water into its constituent elements, oxygen and hydrogen
(Eq 1.2). Water-splitting can also describe the oxidative half reaction of water to yield protons,
but for now we will assume that hydrogen is evolved, following the equation:

H,0 — -0, +H, E°=1.23V - 59mV pH (Eq1.2)
The free enthalpy for Eq. 1.2 necessitates a minimum input of 1.23 V. The products thus store
1.23 V of usable energy per charge, regardless of how much energy is used to drive the reaction.
The stored energy can be recovered by either performing the reverse reaction in a conventional
hydrogen fuel cell or by burning H, directly.

The ubiquity of water makes water-splitting an attractive mechanism of storing energy.
In addition, hydrogen has the highest specific energy of known fuels and a low viscosity, making
it easy to transport in pipes. This led scientists some decades ago to the idea of an entire hydro-
gen economy infrastructure.”® However, hydrogen gas has a very low volumetric energy density.
It also leaks rapidly due to its low viscosity, causes embrittlement of metals, and forms explosive
mixtures with O,. Recent bioengineered systems have demonstrated the ability to produce lig-
uid fuel such as isopropanol from solar generated hydrogen, thereby translating the stored ener-

24,25

gy of hydrogen into a liquid fuel with a larger energy density.*** If this strategy of fuel produc-

tion is to succeed at appreciably lowering global CO, emissions, we bear in mind that the overall



system (including energy recovery) must meet grid parity and be accessible to developing coun-
tries. Efficiency and cost (which are in many ways intertwined) will therefore be critical aspects

of a successful water-splitting storage system.

1.2.4 Overpotential

The efficiency of an electrochemical system is often interpreted from the required overpotential
for a specific reaction. The overpotential, #, is the difference between the applied potential, E,
and the reversible potential, E°.*

n=E-E° (EqL3)

A goal in engineering a competitive solar energy system is for the applied potential of the storage
process to approach E°. In fact, if we want to enhance the efficiency of an electrochemical sys-
tem, the only parameter we can influence is the overpotential. There are different types of over-
potentials for a given electrochemical process, which all limit the reaction rate.”® The activation
overpotential, 7., is the kinetic quantity that acts on the electrochemical energy of activation.
The activation overpotential is the desired parameter in electrokinetic studies. The resistance
overpotential, 1, is the ohmic drop in potential due to resistance of electron flow through a ma-
terial. Finally, the concentration overpotential, f)cone, is the mass-transport limitation. This over-
potential compensates for the gradient of species near an electrode’s surface. The observed

overpotential for an electrochemical system is the sum of these overpotentials.

= ﬂac + r]]R + nconc (Eq 13)



Returning to the concept of storing energy by splitting water, the overall overpotential
will include the activation overpotentials for the reactions at both the anode and the cathode.
The anodic and cathodic half reactions of water-splitting are shown, respectively:

2H,0 —» 0, +4H"'+4e  E°=1.23V —59mV pH (Eq1.3)

2H* +2¢” — H, E° =0V —59mV pH (Eq1.4)

Note that Eq 1.3, coined the oxygen evolution reaction (OER), involves four protons
and four electrons for every oxygen molecule generated. This complex transfer of charged spe-
cies results in a high kinetic barrier, and hence larger activation overpotential than the cathodic
half-reaction, or hydrogen evolution reaction (HER).” In order to overcome the kinetic barriers
of OER, proton coupled electron transfer (PCET) must be accommodated by a mechanism that
stores charge and discharges it cumulatively.”®* Towards these ends, our group has investigated

OER catalysts.

1.2.5 Hydrous metal oxide films for OER
Co-, Ni-, and Mn-based oxygen-evolving catalysts (Co-OEC, Ni-OEC, and Mn-OER,
respectively) can abate the kinetic penalty (overpotential) of the four-electron, four-proton

water oxidation reaction.3°-32

Films of the catalysts self-assemble onto an electrode from buffer
solutions (phosphate (P:) or borate (B:), depending on the metal) containing low concentra-
tions of the respective metal ion. The catalysts are composed of Earth abundant materials and
operate under acidic (pH 3, specifically Mn-OEC)* or neutral (pH 7-9) conditions at near
100% Faradaic efficiency. Catalyst films can self-heal, thereby maintaining stable activity over

extended intervals.33334
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(a) (b)

Co-OEC Edge Site

Figure 1.4. Co-OEC, a hydrous metal oxide catalyst for the OER half-reaction. (a) Structure
of catalyst as determined from XAS with octahedral Co (blue spheres) bound to bridging O
(red spheres). (b) Edge sites are the proposed active sites of Co-OEC. Mn-OEC and Ni-OEC
are proposed to have analogous bulk structures and bridging-oxo active sites.*** Reprinted
with permission from Casey Brodsky.

Extensive analysis has been performed in order to identify the catalysts’ active sites and
structures. The Co-OEC, for instance, has been identified as a mixed Co™-Co™ species, as
determined by electron spin resonance (EPR). X-ray absorption spectroscopy (XAS) and X-ray
absorption fine structure spectroscopy (EXFAS) indicate clusters containing rows of repeating
units of CoO, that are staggered every column, resulting in a three-dimensional dice lattice
(Figure 1.4).%

Since the metal redox couple responsible for the electrochemical formation (deposi-
tion) of the catalyst occurs at a potential less oxidizing than catalysis of OER, the loading of cata-
lyst on the electrode (and to some extent, the film thickness) can be modulated by controlling
the charge at potentials below OER. The number of active sites scale with the amount of metal
oxide deposited on the electrode, and therefore, the activity of a film of catalyst is dependent on
the deposition procedure. This is also due to the films being porous, allowing water to permeate

the catalyst.*®%
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The activity of an electrochemical catalyst can be described by its Tafel plot (log of cur-
rent density as a function of overpotential). The two electrokinetic parameters that determine a
Tafel plot are the Tafel slope and the exchange current density (the extrapolated current at no
overpotential). The Tafel slope is determined by the electrochemical mechanism, while the ex-
change current density depends on the number of active sites, as well as intrinsic properties of
the catalyst, such as conductivity (nr). Since the exchange current density depends on the depo-
sition procedure, the Tafel slope is a useful benchmark for how catalysts respond to potentials in
the activation limited region, where catalysis is not limited by mass transport. Table 1.1 catalogs

the Tafel slopes of our metal oxide OECs, which are among the most active OECs known.
Table 1.1. Metal oxide oxygen evolving catalysts studied in our group. Lower Tafel slopes

indicate catalysts that respond with more activity per overpotential in the activation-
controlled regime.

OER catalyst Delf;)fsflet;on OER conditions (n'll\gl/'f;ilf:?aii) Reference

Mn oxide None P, pH7 120 40
Mn oxide* None P, pH?7 70 40
Mn oxide None P, pH2.S 650 40
Mn oxide* None P, pH2.S 90 40

Co oxide P; P, pH7 59 38

Co oxide P; B, pH9.2 52 41

Ni oxide B, B, pH 9.2 120 31

Ni oxide* B, B, pH 9.2 29 36
*preconditioned

P;: phosphate buffer
B;: borate buffer

These metal oxide catalysts satisfy the three requirements—efficiency, stability, and
scalability—needed for a competitive solar storage system. As such, catalytic water-splitting

offers a realistic strategy for storing solar energy. With a practical storage component in hand, we
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turn our attention to realizing a complete system that could expedite the transition from fossil

fuel dependency to solar energy.

1.3 Integrated water-splitting devices

The PV component of a solar energy system can be coated with an OER catalyst to form
an integrated photoelectrochemical cell (PEC). Our group has demonstrated this by coating
PVs with metal oxide catalysts with the aim of constructing an integrated solar system that could
be distributed to the nonlegecay world. The success of this effort is contingent on designing a
device that can be cheaply mass-produced. The general principle behind the design is a layered

architecture, where each layer has a function in the process of storing energy from sunlight in the

p-Si HEC

Figure 1.5. Schematic of an integrated, wireless solar water-splitting device.* The hydrogen
evolving catalyst (HEC) can be NiMoZn or CoP.*

chemical bond of H,. The advantages of this design are the absence of wires and packaging
(which saves on material cost) and the ability to assemble the device entirely in one dimension,

so that tool precision requirements are relaxed (as compared to assembly of 2D integrated chip).
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The layers consist of a transparent conductive oxide (TCO)-coated triple-junction crys-
talline-Si PV, in which Co-OEC has been deposited onto the p-doped silicon (p-Si) side (Fig
1.5).*In such a configuration, the light-collecting side functions as the anode, while on the re-
verse side, a hydrogen-evolving catalyst is deposited. ITO is used as a transparent protective bar-
rier, preventing the p-Si from oxidation, which would otherwise negate its light-absorption
properties (although FTO can also be used as the TCO).*” This construct represents a simple
device that can be operated in water to store solar energy as evolved H, and O, gas.

A separated PV system coupled to an electrolyzer does not require the addition of a
TCO. However, this advantage of separating the PV from the electrolyzer is comparatively
small, since the PV system still requires Ag for finger contacts and bus bars, as well as metal wir-
ing to the electrolyzer. In 2010, 2000 t of Ag were used for contacts on Si PVs, amounting to 7%
of the total annual world Ag supply or 30% of all Ag used in electronics.* Ag supplies cannot
keep pace with PV production if the industry is to meet future energy demands. The amount of
Ag required is determined solely by the trade-off of resistive power loss. Cu is not a suitable ma-
terial due to both resistivity and Cu’s ability to diffuse rapidly into Si, thereby compromising the
PV.* Since ITO is applied in a thin film (~400 nm), resistive loss is attenuated using minimal
material. A cost analysis suggests that moving to other TCOs does not significantly reduce the
cost of a solar capture device, since In is used in such a small quantity in ITO.* Removing the
TCO altogether results in considerations to the solution junction, which greatly complicates the
device. Moreover, a dedicated electrolyzer system would require a stable electrode to support a
catalyst or to serve as the catalyst itself. Conventional electrolyzers use Pt, which is currently one

of the most expensive commodity elements.
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1.3.1 PV and OEC interplay in a PEC

The PEC described above was can achieve a solar-to-fuel efficiency of 10%, with
forecasted efficiencies upward of 15%.* Every increment of efficiency and cost will determined
the overall cost of electricity against readily available fossil fuels.

To achieve the highest solar-to-fuels possible, the PV should employ multiple junctions
in order to capture as much of the solar spectrum as possible and also to supply the overpotential
required to drive OER. To absorb different energies of the solar spectrum, the content of Ge in
each layer is varied (more Ge results in a lower bandgap, which absorbs lower energy photons).*’
While a typical single junction Si cell may have an open circuit voltage (Vo) of 0.7-0.8 V , multi-
junction cells can achieve a V. of 1.49 V. (GaInP/GaAs/Ge PVs can attain a V.. of 2.62 V.)*
Since multi-junction cells absorb more of the solar spectrum, they also have a larger efficiency
(32%) than single junction cells (10-25%). The difference in efficiency is also in part to multi-
junction cells having a lower short circuit current density (Ji, 14.37 mA/cm?) than single junc-
tion cells (42.7 mA/cm?), and the lower current results in less resistive loss in the contacts.
While a lower J.. results in a decrease in the upper limit of current, the higher V.. means that the
multi-junction cell can meet the potentials required to drive OEC at an appreciable rate, so
overall, the multi-junction cell will perform OER at significantly larger currents according to the
catalyst’s electrokinetic behavior. Multi-junction PVs also have larger fill factors, which can sup-
port higher currents at more anodic potentials. While the PV has its own solar-to-electric effi-
ciency, the interplay between the j-V curve of the PV and the catalyst’s electrokinetics deter-

mines the overall solar-to-fuels efficiency of a PEC.*
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1.3.2 Catalyst loading

A significant variable in designing a PEC is the catalyst loading. As previously men-
tioned, hydrous metal oxides, like Co-, Ni- and Mn-OEC, are generally porous. Since these cata-
lyst films are porous, they have internal active sites. Thus, catalytic activity generally scales with
film thickness. While the Tafel slope remains the same for films of various thicknesses (the slope
is dependent on the catalytic mechanism), increases in activity are observed as an increase in
exchange current density (Figure 1.6a). While differences in exchange current densities for dif-
ferent catalyst loadings appear inappreciably small, they scale logarithmically with potential and
are hence significant at higher potential regimes. Having more catalyst loading per geometric

area is equivalent to decreasing the overpotential required to sustain a given current density.

2.0
(a) -
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Figure 1.6. (a) Exchange current density as a function of charge passed during film deposition.
Charge passed correlates with the number of active sites, which increases activity and film thick-
ness. This results in a diffusion limitation to active sites. Activity is predicted to obey

Iy= 0‘“axtanh(QdeP/ Q;s;t) , where I)"™ is exchange current limited by diffusion and Q; eppt is where

activity begins to become less dependent on film thickness. The red square marks the charge
passed for the film shown in (b). (b) Co-OEC film (below yellow tape) on FTO illustrating
parasitic light absorption of a film were Qyp, =300mC /em?.
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Figure 1.7. Catalytic waves for OER catalysts with high (- ) and low (=) Tafel slopes overlaid
with j-V curves for a buried junction device before (=) and after (=) catalyst loading.**
Dashed lines show relative operating current densities for the four combinations.

There are limits, however, to how much the catalyst loading can influence the exchange
current density. After a certain value of charge is passed for depositing the film (Qdep) , the ex-
change current density is predicted to diminish according to a hyperbolic tangential relationship
caused by diffusion through the film. This implies that there is some optimal Qdep, Q;f}:, that
should be used for deposition.

Even so, there is another interplay in a PEC that precludes optimizing the device
through the homogenous deposition of an OEC with Qdep = Q:ef;t; the interaction between the
OEC and sunlight prevents light from reaching the PV. Figure 1.6b demonstrates this interplay
for a Co-OEC film near its Q; eppt . Having a large catalyst loading in this configuration will erode
the observed fill factor and actually cause the overall efficiency of the device to decrease.

Figure 1.7 illustrates how these interplays interact together in an integrated PEC. De-
pending on the choice of PV and the light absorption of the catalyst, the relative efficiency of the
system may depend more on the catalyst loading, the Tafel slope, or choice of PV.* For in-

stance, if the PV is operating at potentials where the current for OER is activation controlled or
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mixed controlled, then any decrease of the fill factor can dramatically curb the efficiency of the
device, especially for catalysts with low exchange current densities and low Tafel slopes that
would otherwise run near the V.. of the PV.

Trotochaud et al. have calculated an optimal thickness for a Co oxide OEC coating of
just 3 nm.>' NiCoOx and NiFeOx are predicted to have even smaller optimal thicknesses that are
less than 1 nm. At this thickness, a hydrous oxide is composed of small islands rather than a ho-
mogenous film, which would likely change the results of the model. It is also worth noting that
they treat the PV as an ideal photodiode and only change the J.. value as a function of catalyst
loading. Regardless, their calculation illustrates the impact that a catalyst’s parasitic light absorp-

tion has on PEC efficiency.

1.4 Patterning materials

The ability to distribute oxide OER catalysts over an electrode could offer a new strategy
for improving the artificial leaf. However, the method of distributing the catalyst must be afford-

able to implement and also account for resistive losses.

1.4.1 Catalyst distribution

Aside from impractically thin films, a catalyst can be selectively distributed over a PEC
to increase transmission to the PV. Figure 1.8c—e shows different geometries of an OEC on a
PV. For the case where catalyst is distributed as a homogenous film on one half of the PV (Fig-
ure 1.8¢), an increase in exposed PV would increase the solar-to-fuel efficiency of the device, but

the distance between the excited electron-hole pairs and OEC active sites results in resistive
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Oxide OEC

Light absorber

(d) (e) (f)

Figure 1.8. Schematics of PECs with various OEC loadings and distributions. (a) Thick, ho-
mogenously distributed OEC significantly blocks PV from light (b) Homogenously distributed

OEC must be extremely thin (3 nm, far below Q;f}:) in order not to impair PEC efficiency.*' (c)

Thick OEC distributed on half of the PEC allows light transmission, but holes must flow from
the most distal excited site (yellow circle) and to the most distal active site (blue circle), thereby
increasing resistive loss (prro = 7-41 Q/sq).® (d) Evenly distributed OEC shortens the path
length that holes must travel to reach active sites. (e) Further distributing OEC increases mass
transport, but also results in higher current densities.” (f) Combination of (b) and (e) yet to be
explored.

losses due to the sheet resistance of TCO (for F-doped Sn oxide (FTO), p = 7-41 Q/sq).* In-
stead, the OEC could be distributed evenly across the PV as discrete islands or bands. Chen et al.
examined some of the ways that distributing an opaque catalyst over a light absorber would af-
fect the overall solar-to-fuel efficiency of the device.’” In their study, Pt islands were distributed
over As-doped Si. This catalyst geometry led to multiple interesting consequences. For one, the
mass transport to the catalyst is increased by radial diffusion. However, the geometry also causes
an increase in current density, which increases njz. The optimal solar-to-hydrogen efficiency was

calculated to be 25% corresponding to a geometric filling fraction of 5%.
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While Chen’s study provides data that informs on the patterning of opaque catalysts,
such as noble metals, it neglects the possible permutations of patterning semi-transparent metal
oxides. Furthermore, their use of lithography and lift-off adds an expense if fabricating a compet-
itive PEC system. Addressing these limitations could lead to more efficient, cost-effective solar
energy systems. Fabrication and patterning strategies that are relevant to achieving just that are

described in the following sections.

1.4.2 Electrochemical micromachining

Electrochemical micromachining (EMM) is a method for microfabrication whereby
materials are electrochemically etched on the micron to sub-micron scale by performing electro-
chemistry, typically through small openings in an insulating mask, such as a photoresist.*>**
EMM affords precise control of the etching rate and extent of material etched. It allows any
material to be smoothly shaped, regardless of the material’s domain size or hardness, providing
that the material is conductive. Furthermore, unlike mechanic micromachining techniques, no
tool wearing is incurred in EMM.%*® Conventional EMM has been limited to the removal

(etching) of material, which restricts the technique to precision milling.

1.4.3 RIPPLE

We recently reported a method of EMM designated reactive interface patterning pro-
moted by lithographic electrochemistry (RIPPLE), which allows for patterning micron- and
submicron-scale concentric rings (resembling a ripple pattern) in thin films of metal or

semi-metal overlaying a substrate. The method relies on cyclic voltammetry (CV) and lithogra-
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phy.” Patterns of concentric rings are achieved by submerging the sample in 0.5 M
H,SO4, which allows the metal to be electrochemically etched through a small (2 pm x 2
um) square perforation. RIPPLE is schematically described in Figure 1.9. For a 250 nm
film of Ge, it was found that rings of Ge oxide 20 nm wide and 200 nm tall could be
formed around the perforations. The ring diameter and period can be controlled by the
scan rate, and the number of rings can be controlled by the number of cycles. Cu metal
was also successfully patterned in this fashion, resulting in Cu oxide rings. The patterns
are highly reproducible and possess interesting photonic properties. Our efforts to develop

this technique are elaborated in Part 2.

p-Si / ” Modified surface /
| |
Resist Z f h

Oxide rings

Figure 1.9. The RIPPLE technique, as first reported, can be summarized in 8 steps represented
by the arrows: 1. Substrate surface is prepared for coating (p-Si is etched) 2. Optional protective
layer, such as ITO, is sputtered onto the substrate. 3. Material film is deposited. 4. Resist is spin-
coated over film. S. Resist is exposed using lithography. 6. Resist is developed. 7. Cyclic voltam-
metry is performed on the sample. 8. Resist is stripped oft.*’
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The RIPPLE method could be used to directly pattern oxide OECs. Gonzalez-Flores et
al. has shown that a crystalline Co oxide converts to our phosphate-based Co-OEC under water-
splitting conditions.® Of particular relevance, our group has previously demonstrated that metal
Co can be directly converted to Co-OEC by application of a sufficiently anodic potential in the
presence of phosphate buffer.® These studies provide the basis for using RIPPLE to distribute

rings of a functional OEC.

1.5 Overview

This thesis details how the work on the RIPPLE project resulted in a low-cost, scalable
procedure that could be applied to the challenge of making a competitive PEC device. The ensu-
ing results pertaining to RIPPLE represent our group’s first efforts in the field of EMM. Progress
was achieved largely as a team effort, especially initially, with an original team consisting of then-
graduate student, Kwabena Bediako, and then-postdoctoral researcher, Tom Kempa. As the pro-
ject progressed, interests shifted from fundamental understanding of an electrochemical phe-
nomenon towards real-world application to an important scientific challenge of our time.

Succeeding this introduction, Part 2 details the exploratory phase of RIPPLE, investigat-
ing its applicability to a variety of materials and also optimizing parameters for new materials.
The possible compositions of electrochemically-generated patterns are expanded in this way.
Electroplated materials and coarse substrates are patterned to test RIPPLE’s tolerance for im-
perfections and surface roughness. These results are aimed at simplifying sample preparation.

Part 2 also looks at the applicability of RIPPLE to an OER catalyst, namely Co-OEC.
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In Part 3, the electrochemical technique is changed from a scanning function to a
concerted binary step procedure, producing patterns by alternating between two discrete volt-
ages. This new method simplifies electrical component requirements and affords better control
over pattern geometry. In addition, insight is provided into the patterning mechanism. The
mechanism is understood through a model that successfully simulates a pattern. Knowledge of
the mechanism allows us to further refine the technique by avoiding mass transport limitations.

Part 4 examines the role of the overlying resist. By varying the Young’s modulus or
thickness of the resist, new patterns are observed, as predicted by the model in Part 3.
Understanding how the resist affects the pattern inspires a new patterning technique that replac-
es the resist with particles dispersed as an emulsion. Since the new technique no longer requires
lithography or other precision fabrication techniques, a scalable method is realized that is capa-
ble of patterning materials on the benchtop.

Part S looks at patterning materials by exploiting the three-phase interphase formed
while suspending a substrate in solution. The use of a gaseous phase to engender a moving
boundary obviates the need for a solid-state mask, thereby further lowering the costs of pattern-
ing. Part 5 concludes with a demonstration of a new method for fabricating parallel, submicron
oxide wires. Future direction for the project is outlined.

Finally, Part 6 explores the dynamics of Co-OEC as a function of pH. This analysis
yields information on the fundamental behavior of Co-OEC during deposition and OER cataly-
sis. Our understanding of the factors underlying OEC dynamics leads to a new Fe-based, acid-
stable OEC with extraordinary OER activity.

In summary, the initial focal point of this project was developing RIPPLE as a fabrica-

tion technique and understanding how patterns form. However, the applicability of using elec-
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trochemistry to distribute metal oxides over an electrode is the specific real-world application

that motivates this work. This purpose is aligned with the objectives of our group to design a

solar energy system that will be competitive with fossil fuels.
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Part 2. Expanding the applicability of RIPPLE beyond Ge

to other materials and substrates

Portions of this chapter have been published:
Kempa, T. J.; Bediako, D. K; Jones, E. C.; Kim, S.-K,; Park, H.-G.; Lieber, C. M.; Nocera, D. G.
J. Am. Chem. Soc., 2018, 137, 3739-3742.



2.1 Introduction

It was observed in our group that when a chemical vapor deposition (CVD)-grown film
of Ge metal coated with a polymer resist containing lithographically-generated square openings
(2 pm x 2 um) is subjected to CV (0.1-1.2 V vs. Ag/AgCl) in 0.1 M H,SO., patterns contain-
ing concentric rings of Ge oxide appear centered around each opening. Moreover, the number
of the rings and spacing between rings are determined by the number of cycles and the scan rate,
respectively. The number of rings, Nk, follow the function Nx = Ncv — 1, where Ncv is the num-
ber of cycles. Rings are 20 nm high and 360 nm wide. Performing the same experiment in 0.1 M
K,SO; results in Ny periodic “terraces,” which sequentially decrease in height from the center.
Patterns could also be generated in films coated on nonconductive plastic sheets.

This observation led to a technique designated as reactive interface patterning promoted
by lithographic electrochemistry (RIPPLE). Besides allowing patterns to be generated quickly
from a relatively simple lithographic feature, this process also allows patterning over sloped sur-
faces, where line-of-site lithography cannot access without rotating the entire sample around an
axis in the plane of the substrate. The complexity of the patterns, which are formed in a matter of
seconds, makes RIPPLE an exceptionally facile approach to fabrication.

The succeeding sections will discuss patterning electron-beam deposited Co and Ni and
electroplated Co. These metals are of interest to our group because of their oxides’ ability to
perform catalytic OER under buffered conditions at low overpotentials. We will also examine
the effect of the roughness of the substrate in order to test the tolerance of RIPPLE for imperfec-

tions in the substrate’s surface. Lastly, we propose a strategy for creating entirely metallic

30



patterns indirectly by RIPPLE. Creating patterns of new materials by RIPPLE allows us to de-

termine the scope of this technique.

2.2 Results

2.2.1 Electron-beam deposited Co

To replicate the Ge RIPPLE patterns in Co, an analogous sample was prepared by de-
positing a 250 nm thick Co metal film onto a Si substrate. PMMA electron-beam resist was spin
coated over the Co, as was previously done for Ge, and 2 pum X 2 um square openings were
lithographically defined in the PMMA. The bias was then cycled linearly between various po-
tentials. After cycling to and from 0.4 V and 1.3 V at 100 mV/s in 0.1 M H,SO,, well-defined
circular patterns were generated at each opening in the resist, as apparent by SEM (Figure 2.1a).
The CV shows a steady increase in current consistent with an increasing electrode surface area

(Figure 2.1b). While these patterns do verify RIPPLE’s ability to pattern Co metal, Co rapidly

1.2 10 08 06 04
Potential (V vs. Ag/AgCl)

Figure 2.1. (a) SEM image (SE2 detector) of a 250 nm Co film patterned by RIPPLE by cycling
from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M H,SO.. (b) Cyclic voltammogram used to
generate pattern in (a). Scan order designated on left side. (c) SEM image (SE2 detector) of a
250 nm Co film patterned by RIPPLE by cycling from 0.4 V to and from 1.3 V at 100 mV/s in
0.1 M K,SO..
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and spontaneously dissolves under acidic conditions.' Thus, the same RIPPLE method was car-
ried out at higher pH. Performing the same procedure in 0.1 M K,SO4 (pH 8.4) yielded similar

results, but with wider oxide rings (dark rings, Figure 1c).

(b) z (nm)
420

0 20 40 60 80
Position on cross section (um)

Figure 2.2. Patterns generated by cyclic voltammetry, with five cycles from 0.4 V to and from
1.3 Vat 100 mV/s in 0.1 M K;SO.. (a) SEM images (In-lens detector, grey) and EDS maps for
cobalt (green), oxygen (red), and silicon (blue). (b) 3D rendering of AFM height data with
height profile of diametric cross-section (inset on bottom right).
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EDS elemental maps reveal that rings of the pattern contain high concentrations of Co
and O while regions between the rings only show the signature for Si, presumably from the
underlying Si substrate (Figure 2.2a). The AFM height map of the pattern shows that the rings
corresponding to Co and O are 100 nm tall and 2 pum wide and spaced 3 pm apart, although the
ring widths and widths between rings decrease as a function of the radius (Figure 2.2b). In addi-
tion, an island appears at the center of the pattern, which was also observed in Ge patterns.
Potentials applied within or outside the 0.4-1.3 V window resulted in highly disordered features

or no pattern formation at all.

2.2.2 Electron-beam deposited Ni and the effect of chloride ions

The same parameters used in the CV method that permitted the patterning of Co were
applied to an analogous sample containing a Ni metal film in replace of Co metal. In 0.1 M
H,SO,4 and 0.1 M K,SO4, no changes were observed in the metal film after application of the
same CV used to pattern Co. Varying the parameters of the CV failed to incur any changes in the
sample. Chloride was then added as KClI to the solution. In 0.5 M KCl and 0.1 M H,SO,, pat-
terns were formed with poorly defined rings as compared to the Co pattern formed in 0.1 M
K,SO, (Figure 2.3a,b), while no change in the metal was observed in a solution containing 0.5 M
KCl and 0.1 M K,SO.. Identical patterns as those produced in 0.5 M KClI and 0.1 M H,SO,
could also be achieved in Ni using a solution of 0.5 M HCI. RIPPLE was also attempted on Ni
samples in 0.1 M H,SO, with 0.1 M, 50 mM, and 10 mM. Patterns were not observed at concen-

trations less than 0.1 M KClin 0.1 M H,SO..
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We next sought to examine the effects of Cl” on the Co system. 0.5 M KCI was added to

0.1 M K,SO, and the electrochemical procedure used to generate the pattern in Figure 2a was

(b)

(d)

z (nm)
300

80 200
100
0

Figure 2.3. Patterning metals by RIPPLE in the presence of CI". (a) SEM image (SE2 detector) of
a 250 nm Ni film patterned by RIPPLE by cycling from 0.4 V to and from 1.3 V at 100 mV/s in 0.1
M H,SO, and 0.5 M KCl. (b) AFM height map for a pattern in (a). (c) SEM image (SE2 detector)
of 2250 nm Co film patterned by RIPPLE by cycling from 0.4 V to and from 1.3 V at 100 mV/s in

0.1 M H,SO, and 0.5 M KCL. (d) AFM height map for a pattern in (c).

repeated on a film of 250 nm Co (Figure 2.3¢c,d). The features in the resulting pattern were simi-

larly “washed-out” as those formed in Ni in 0.5 M KCl and 0.1 M K,SO..
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2.2.3 RIPPLE on rough substrates

After establishing a RIPPLE method for two metals with OER-active oxides, we next
examined how the roughness of the substrate influences the ability to generate patterns by
RIPPLE. Roughness of a substrate is often measured by the parameter roughness root means
squared parameter, or Rrws.” Rrus can be calculated from an AFM height map of a surface by
taking the RMS average of deviations in the height profile of a surface. For comparison, the Rgus
of FTO is 6.4 nm, whereas the Reus of Si is 350 pm — over an order of magnitude smoother (cal-

culated from Figure 4a,b). Films of Co were electron-beam evaporated onto FTO and coated

(a) (b)
z (nm) z (nm)
25 25
12.5 12.5
0 0
12,5 -125
_25 -25
0 5 10 15 20ym 0 5 10 15 20pm

Figure 2.4. Roughness of different substrates as determined from AFM. (a) AFM height map of
Si wafer. Surface roughness Rrusvalue of 350 pm. (b) AFM height map of FTO-coated glass.
Surface roughness Rrys value of 6.4 nm.

with PMMA resist, which was then perforated using electron-beam lithography. The sample was
partially immersed in 0.1 M K,SO, so that the openings in the resist were submerged and the
potential was cycled five times between 0.4 V and 1.3 V. The area of the sample that was im-
mersed in solution turned transparent, as evident upon visual inspection (Figure 2.5a). Figure

2.5b shows that circular patterns of concentric rings were formed at each opening.
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Figure 2.5. A patterned film on FTO-coated glass. (a) FTO coated with 250 nm Co and PMMA
resist, after patterning. Transparent section at bottom is where the sample was exposed to 0.1 M
K,SO; during a cycle from 0.4 V to and from 1.3 V at 100 mV/s. (b) SEM image (SE2 detector)
of patterns on sample in (a). Patterns are located at arrays of holes in resist.

2.2.4 Patterning electroplated Co

Co was then electroplated onto FTO glass from a previously reported CoSO; citrate
bath by passage of 120 C/cm?* (see experimental methods 2.5.1 for details).>> As shown by
SEM, the electroplating process results in platelets of Co metal rather than a smooth film. (Fig-
ure 2.6a). The platelet domains are between 1 and 2 um long and on the order of 100 um
thick. Side profiles of the film show that it is on the order of 1 ym thick (Figure 2.6b,c).

The electroplated Co films were then coated in PMMA resist and patterned by
RIPPLE by following the same procedure used in patterning e-beam evaporated Co. SEM
and EDS reveal rings of oxide similar to those in the patterns formed in e-beam evapo-
rated Co (Figure 2.3). Some Co is detected in the gap between the rings. SEM and EDS

show that the rings conserve the platelet structure and are composed of Co and O.
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Figure 2.6. 120 C/cm? Co electroplated onto FTO. (a) SEM image of the film’s structure. (b)
SEM image of the edge of electroplated Co metal film (120 C/cm?) delaminating from underly-
ing FTO. (c) Magnification of blue box in (b).

Figure 2.7. RIPPLE pattern in electroplated Co. Patterns generated by cyclic voltammetry, with
five cycles from 0.4 V to and from 1.3 V at 100 mV/s in 0.1 M K,SO,. SEM image (grey) and EDS
maps for cobalt (green), oxygen (red), and silicon (blue).
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Figure 2.8. FIB cross section of a RIPPLE pattern in electroplated Co. From top to bottom:
SEM image (grey) and EDS maps for cobalt (green), oxygen (red), and silicon (blue). First ring
from center is on left; second ring from center is on right.
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FIB cross sections reveal that the oxide rings are 1 pm tall (Figure 2.8). FIB also
confirms that approximately 100 nm Co oxide lies between the rings. By examining the
rings of the electroplated Co pattern, it is apparent from the cross-section SEM micro-

graph that a disordered structure extends to the substrate.

2.2.5 Performing catalysis with a patterned Co film

A Co film deposited over Pt-coated Si was patterned into concentric ring struc-
tures following the method described in Section 2.2.1. Anodization of this patterned Co
substrate was performed following a method that has previously been shown to yield Co-

OEC from Co metal (Figure 2.9a) S SEM and Co and O EDS maps of the anodized Co

(@) (b) (c)
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Figure 2.9. Anodization of a Co RIPPLE pattern. (a) Current trace for Co patterned by RIPPLE
held at 0.85 V (below OER but above the Co**/* couple).” (b) EDS elemental maps of RIPPLE
pattern after anodization for cobalt (green) and oxygen (red) (c) CV of Co patterned by
RIPPLE after anodization, scan rate 0.1 V/s. Pre-wave at 0.8 V corresponds to Co**/* couple,
while catalytic wave at left is indicative of OER.

pattern reveal well-defined concentric rings composed of the anticipated Co-OEC (Figure
2.9b). CVs of the Co-OEC film exhibit a catalytic wave at 1.0 V (Figure 2.9¢) indicative
of the water-splitting reaction. Furthermore, the significant steady-state catalytic current

for potentials = 0.9 V is consistent with that reported for electrodeposited Co-
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Figure 2.10. OER over 10 hr using a Co sample patterned by RIPPLE. (a) Current trace
for anodized Co sample held at 1.0 V in 0.1 M KP;, pH 7. (b) O, evolved by patterned

Co-OEC as measured by a fluorescent probe (red) and O, calculated from charge passed
assuming a quantitative Faradaic efficiency (black).

OEC films.” Electrolysis of a cm’ area of this sample over 10 hr results in a stable cur-
rent of —2.5 mA (Figure 2.10b). An oxygen probe experiment carried out over 10 hr using

the patterned substrate shows a Faradaic efficiency of >99% for O, evolution (Figure

2.10a).

After 20 hrs of electrolysis at 1.0 V in 0.1 M KP; (pH 7), the patterns were examined by
SEM and EDS. SEM microscopy of a pattern shows a film deposited across the pattern (Figure
2.11a). The overlying material exhibits cracking. Spacing between fragments reveal the underly-
ing pattern, though the pattern geometry is also visible in the topography of the overlying mate-
rial. The spacing between fragments also suggests that the film has contracted. EDS indicates the

overlying film contains Co and O (Figure 2.11b).
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Figure 2.11. Patterns after 10 hrs electrolysis at 1.0 V in 0.1 M KP;, pH 7. (a) SEM image of Co
RIPPLE pattern, ET = 3 kV. (b) SEM image (ET = 14 kV, grey) and EDS maps for cobalt
(green), oxygen (red), and silicon (blue).
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2.2.6 Plasma-enhanced reduction.

H, plasma-enhanced chemical vapor deposition (PECVD) was employed to reduce
RIPPLE patterns formed in e-beam evaporated elemental Ge and Co (see Experimental Meth-
ods 2.5.3 for details). The Ge patterns were imaged by SEM before and after reduction (Figure
2.12). The patterns are still discernable and well-defined after the reduction process. EDS ele-
mental maps show a marked decrease in the O K-edge of the pattern after reduction (Figure
2.12b). The EDS spectra in Figure 2.13 have peaks corresponding to the O K-edge (K 0.53
keV), F K-edge (0.68 keV), Na K-edge (1.04 keV), Ge L-edge (1.19 keV), Al K-edge (1.49
keV), and Si K-edge (1.74 keV).* The spectra also verify a decrease in overall O post-PECVD
(Figure 2.13). SEM of the Co patterns before and after PECVD show the pattern geometry is
maintained after the reduction process. EDS elemental maps show a decrease in O composition
of the rings (Figure 2.14), which is also visible in the EDS spectra (Figure 2.15). The EDS spec-
tra for the Co sample shows peaks that match the O K-edge, F K-edge, Co K-edge (0.78 keV), Al

K-edge, and Si K-edge.

2.3 Discussion

2.3.1 Patterning Co metal

We have two motivations for patterning Co by RIPPLE; first, as an oxide, the features of
a Co pattern are expected to behave as Co-OEC; and second, there is a general desire to expand
the applicability of the RIPPLE method to new materials. Towards the latter, each material be-
haves differently under different electrochemical conditions, requiring the optimization of the

procedure.
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Figure 2.12. H; plasma-enhanced reduction of a Ge pattern, (a) before and (b) after PECVD.
SEM micrograph (grey) and EDS elemental maps for germanium (yellow), oxygen (red), and
silicon (blue).
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Figure 2.13. EDS spectrum for H, plasma-enhanced reduction of a Ge pattern, before (red) and
after (blue) PECVD. Peaks correspond to O K-edge (K 0.53 keV), F K-edge (0.68 keV), Na K-
edge (1.04 keV), Ge L-edge (1.19 keV), Al K-edge (1.49 keV), and Si K-edge (1.74 keV).
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Figure 2.14. H, plasma-enhanced reduction of a Co pattern, (a) before and (b) after PECVD.
SEM micrograph (grey) and EDS elemental maps for cobalt (green), oxygen (red), and silicon

(blue).
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Figure 2.15. EDS spectrum for H, plasma-enhanced reduction of a Co pattern, before (red) and
after (blue) PECVD. Peaks correspond to O K-edge (K 0.53 keV), F K-edge (0.68 keV), Co K-
edge (0.78 keV), Al K-edge (1.49 keV), and Si K-edge (1.74 keV).

46



The SEM images and EDS elemental maps of the e-beam deposited Co sample after
RIPPLE clearly depict a series of rings patterned into the Co film (Figure 2.2a). The EDS ele-
mental maps indicate the rings contain Co and O, suggesting that the rings are discrete ridges of
Co oxide and separated by regions were Co metal was etched away (where the Si signature is
strongest). This assignment of the rings as discrete ridges of oxide is in agreement with the AFM
height map of the pattern, which shows that the rings are 100 nm tall compared to the region
between the rings.

Given that Co and Ge exhibit similar patterns after applying RIPPLE, it is conceivable
that the patterns form in both materials by the same mechanism. Nevertheless, there are some
important differences. The rings of Co oxide are wider than those produced in Ge, but their
height to width ratio is about the same (1:20) despite the initial film thickness being the same.
There is also an island in the center of the Co pattern, which is observed in Ge patterns. The is-
land is believed to be an artifact caused by the lithography process. Since it contains both Co and
O, as apparent from EDS elemental maps (Figure 2.2), it could either be Co oxide (EDS is ca-
pable of penetrating surface features.), or residual resist, with Co being protected underneath.
The number of rings formed in Co correspond to the number of cycles, which produces one
more ring per cycle than Ge. While the oxide rings of Ge patterns are an order of magnitude
smaller than the spacing between the rings, the patterns produced in Co have oxide ring widths
that are comparable to the spacing widths, but both the spacing and the ring widths become
progressively smaller as a function of their radius. In addition, unlike Ge, pH does not change
the pattern in Co from rings to steps. This property of Co could be advantageous as an option

for fabricating oxide rings onto substrates that cannot be exposed to acidic conditions.
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The strategy for optimizing patterning conditions begins with examining the Pourbaix

diagram for the material of interest. The Pourbaix diagram allows one to predict the electro-

chemical conditions required to produce a stable phase of a material. The Pourbaix diagram for

Co is shown below (Figure 2.16).
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Figure 2.16. Pourbaix diagram for Co in water, 25 °C. Not all species considered. Colors denote
theoretical conditions for metallic Co (green), corrosion (red), and passive oxide formation
(blue). Arrows represent equilibria shifting as [Co?*] increases from 10 nM to 1 M. Dashed lines
mark H,/H* equilibrium (bottom) and H,O/O: (top). Data from Reference 9.

48



RIPPLE is believed to rely on the conversion of a material from an elemental or neutral
state to an oxidized state. This is evident both from the electrochemical procedure used to gen-
erate RIPPLE patterns in Ge, which relies exclusively on potentials that are more anodic than
the open circuit potential of the metal, and by the identification of the pattern material as an ox-
ide of Ge. It is also likely that the anodic dissolution of the metal is involved in the patterns for-
mation. Thus, to make a Co pattern by RIPPLE, we can select a linear region in the Co Pourbaix
diagram that crossed through both dissolved and oxidized Co. The solution was chosen as 0.1 M
H,SO, because that is what was used for Ge, but 0.1 M K,SO, was also used because Co metal
and Co oxide is known to dissolve under acidic conditions.” Under these conditions (pH 1 and
8, respectively), the Pourbaix diagram implies that ~0.4 V and 1.6 V would be a sufficient range;
however, scanning between these potentials destroys the substrate architecture, presumably due
to OER beneath the resist. Decreasing the potentials would seem like a useful strategy, but lower
potentials might also drive oxidation too slowly to create any noticeable change in the sample,
and in the case of using 0.1 M H,SO,, the prolonged exposure to solution causes uncontrolled
corrosion. The potentials must therefore be carefully optimized by systematically decreasing and
increasing each potential limit to yield the preferred result. After this has been accomplished, a
sufficient degree of etching and oxide formation yields a well-defined pattern without incurring
gas evolution (Figure 2.2). The success of achieving patterns in Co by RIPPLE not only pro-
vides a procedure for making patterns in Co, but also establishes a generic strategy for develop-

ing new RIPPLE methods.
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2.3.2 Patterning in the presence of chloride

Like Co, RIPPLE patterns of Ni were of interest because of the possibility of being able
to pattern Ni-OEC. A challenge in patterning Ni is the formation of a dense passivation layer
that prevents dissolution of the metal.”'* As can be seen by the Pourbaix diagram for Ni, the pas-

sivation causes corrosion to be inhibited, especially at more anodic potentials (Figure 2.17).

E (V vs. Ag/AgCl)

2.0 | ] | ] | ] | ] 2.0
0 4 8 12 16
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Figure 2.17. Pourbaix diagram for Ni in water, 25 °C. Not all species considered. Colors indicate
theoretical conditions for metallic Ni (green), corrosion (red), and passive oxide formation
(blue). Dark red region is probable experimental conditions of corrosion in solutions not con-
taining chloride. Arrows represent equilibria shifting as [Ni**] increases from 10 nm to 1 M.
Dashed lines mark H,/H* equilibrium (bottom) and H,O/O; (top). Data from Reference 9.
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This behavior of Ni explains the inability to pattern films of Ni metal under the same conditions
used to pattern Co, despite Ni having a Pourbaix diagram similar to that of Co (Figure 2.16).

We decided to add chloride, which is a well-known “aggressive ion” towards oxides in
corrosion literature.”"* The ability of chloride to disrupt the passive oxide layer of Ni is probably
due to its single valency, which would preclude an extended structure afforded by the double
valency of O*, although other theories on the mechanism have been discussed in the litera-
ture.'"*1¢ Thus, the presence of chloride effectively extends the electrochemical range where

dissolution can occur (Figure 2.18).°
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Figure 2.18 The effect of increasing the concentration of chloride for Ni in 0.5 M H,SO,
with no chloride (black), 0.1% NaCl (red), 0.5% NaCl (blue), and 3.5% NaCl (green). Data

from Reference 10.

Indeed, Ni metal can be dissolved easily in the presence CI, as seen in Figure 2.3. Since
CI inhibits the formation of oxide, the oxide rings of the pattern are poorly defined. Attempting

to modulate the CI” concentration to yield better rings is not an effective strategy, probably be-
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cause the occurrence of any appreciable oxide significantly inhibits dissolution of the metal. The
Ni film cannot be etched in neutral pH, even with chloride, which indicates that an acid is neces-
sary for oxide dissolution.

To confirm the action of CI” on the rings as a general ability of CI" to facilitate oxide dis-
solution, we attempted to pattern Co in 0.5 M KCl. Figure 2.3 shows that Co oxide formation is
also prevented by CI, as expected. This observation confirms that CI" is not specific towards Ni

dissolution, but instead indiscriminately prevents oxides from forming.

2.3.3 Patterning Co films on FTO

The applicability of RIPPLE on rough samples is of interest because of the possibility of
applying RIPPLE to inexpensive materials, which may have rough surfaces due to imprecise fab-
rication methods. Patterning films on FTO and other rough substrates compared to Si wafers
allows us to test the tolerance of RIPPLE for imperfections in the substrate’s surface. Figure 2.5b
exhibits a distinct pattern in the Co-coated FTO after employing RIPPLE, but there is a substan-
tial loss of the fidelity as compared to Co-coated Si. Therefore, RIPPLE is best suited for smooth
substrates with a sub-nanometer Rrvs when patterning thin (nanoscale) films.

Incidentally, the transparent FTO also reveals the extent to which the film is inadvert-
ently etched. The extent of etching is apparent by the absence of metal visible in Figure 2.5a.
The etching that occurs away from the lithographically-created 9 x 9 arrays in each sample is
likely due to flaws in the resist that allow solution to access the film. It could also be due to resist

deformation during the oxidation process.
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2.3.4 Patterning electroplated Co

The electroplated Co system represents a scalable substrate architecture, considering
that the electroplating of Co metal is a low-cost and simple process that has been well estab-
lished for over two centuries. This system is also significantly disordered, with a high Rrys un-
derlying substrate (FTO) and a polycrystalline structure in the metal (Figure 2.6). Interestingly,
using the same procedure that was used to fabricate the e-beam evaporated samples, it was pos-
sible to pattern electroplate Co (Figure 2.7). Moreover, the patterns formed by RIPPLE in elec-
troplated Co have similar aspect ratios as those formed in e-beam evaporated films, despite a
difference in film thickness by a factor of four. We thus surmise that thick films are better suited
for making patterns over coarse substrates.

A remarkable feature of the electroplated Co pattern is the preservation of platelet struc-
ture in the oxide rings (Figure 2.7). If the rings were formed by deposition of the dissolved
metal, we would expect the rings to be amorphous and lose their polycrystalline structure. The
oxidized platelets imply that deposition is not important to the patterns’ formation, thereby
providing some insight into the mechanism of pattern formation. The mechanism of pattern
formation will be further discussed in Part 3.

FIB cross sections of this sample show that a layer of Co oxide up to 100 nm thick re-
mains between the oxide rings (Figure 2.8). This is not ideal because the rings are not isolated,
which limits the use of RIPPLE with regard to fabrication purposes. On the other hand, the re-
maining Co oxide might be due to the excessive thickness of the electroplated Co film, which

may be corrected for by adjusting the film thickness.
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2.3.5 Oxygen evolution on RIPPLE patterns

The ability to pattern large substrate areas with metal and oxidic structures
suggests the potential for integrating inorganic catalysts with semiconductors for energy
conversion applications. We therefore turn our attention to patterning Si substrates, such
as those used for PVs, with the efficient Co oxide water splitting catalyst, Co-OEC.

The drop in current during anodization at 0.85 V was interpreted as the complete
oxidation of the Co film (Figure 2.9a). (This is probably not the case, and will be revisit-
ed in Part 6.) SEM and EDS show that anodization after 30 min at this potential does not
alter the pattern (Figure 2.9b), and the CV is evidence that Co-OEC is present (Figure
2.9¢). These results signal that the patterned substrate is capable of OER catalysis. As
anticipated for Co-OEC, an oxygen probe experiment carried out over 10 hr using the
patterned substrate verified the functionality of this catalyst toward O, generation from
water with a quantitative Faradaic efficiency (Figure 2.10a).

Over the course of electrolysis at 1.0 V for 24 hr, the pattern undergoes a signifi-
cant change, with a film identified as Co oxide (from EDS) forming over the pattern
(Figure 2.11). Cracks in this film, probably caused by the vacuum in the SEM chamber
and dehydration of the oxide, show that rings are still intact below the film. We speculate
that the thin film of Co oxide is due to migration of Co oxide during electrolysis. The
question of how and if Co-OEC can migrate during OER is relevant to devices in general
that seek to pattern OER over an electrode. We will revisit the question of Co-OEC

mobility in Part 6.
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2.3.6 Reducing Ge and Co patterns.

A shortcoming of the RIPPLE method is that it is only capable of directly generating
rings of oxide. The capability of generating rings of elemental Ge, for instance, would be useful
because we could then consider applications for patterned semi-conductor light absorbers. To
overcome this limitation, we have attempted to reduce oxides in the presence of H,. We initially
employed a tube furnace with the aim of thermally reducing the oxide rings of a pattern in Ge.
However, this caused the oxide rings to break apart and ultimately deteriorated the pattern,
perhaps due to the elevated temperature. As a gentler approach, we propose a post-processing
strategy that reduces the oxide rings using the H, plasma generated by PECVD. Ge and Co
patterns were successfully reduced by PECVD, as evident by a decrease in O signal relative to
total O counts as compared to the decrease in Ge and Co signal relative to the total counts for
each element (Figures 2.13 and 2.15). The removal of O from the rings is also readily apparent
from the EDS maps in Figures 2.12 and 2.14. SEM images of the patterns after PECVD display
rings that are fully intact (Figures 2.12 and 2.14). An increase in F is attributed to octafluorocy-
clobutane, which is used as a thermal conductor to ensure the sample remained at 200 °C. Ap-
parently, the thermal carrier infused into the porous rings.

The ability to reduce the oxide while maintaining the structure of the ring is attributed
to lower temperature (200 °C) used in PECVD as compared to thermal reduction (>600 °C).
While we now possess the ability to pattern rings of Ge and Co metal, there are still two disad-
vantages to this technique. For one, the entire process now demands PECVD, which increases

the overall cost and complexity of fabrication. In addition to this drawback, the reduced rings
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also appear by SEM to lack the crystallinity of the original materials, so the semi-conductor qual-

ities are not anticipated to be usable for light absorption applications.

2.4 Conclusion

We have established a procedure to pattern other materials beyond Ge by RIPPLE. The
results above validate that patterns containing concentric rings of oxide can be generated in films
of Co and Ni metal. We have also provided a general strategy for developing procedures for
patterning novel materials by RIPPLE. Patterning Co also allowed us to test RIPPLE as a means
of patterning OER catalysts. Anodized Co patterns appear to behave as Co-OEC during elec-
trolysis, which confirms that oxide OECs can be patterned directly by RIPPLE.

While we were able to form rings in Ni films, a Cl” concentration of not less than 0.5 M
was required, which in turn eroded the features of the pattern. The role of CI in the patterning
of Ni is to penetrate an oxide passivation layer, which likewise causes the passivated oxide rings
of the Co pattern to also diminish in the presence of CI".

The roughness of the substrate was shown to affect the fidelity of RIPPLE patterns, par-
ticularly for thin films. A thicker electroplated film of Co, however, exhibited surprisingly dis-
tinct rings of oxide that retain the structure of the original electroplated metal. Patterning elec-
troplated materials will allow RIPPLE to be applicable to metal films that are deposited by an
inexpensive method.

Lastly, PECVD afforded a means of reducing the oxide rings while retaining their geom-
etries. Patterning materials in this fashion, however, would be impractical due to the loss in crys-

tallinity of the post-processed metal and also due to the elaborate nature of the entire process.
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2.5 Experimental Methods

2.5.1 Substrate preparation

Samples prepared on Si substrates were fabricated by etching 4” p-type Si wafers (B-
doped, <100>, 1-10 Q-cm, Nova Electronic Materials) in 7:1 buffered oxide etch (BOE, J.T.
Baker) and rinsing with Type I water water 30 s immediately before use. A 300 nm layer of Pt
was deposited by electron-beam evaporation onto a p-Si chip to protect the surface from oxida-
tion using an automated instrumented to determine voltage and current parameters for a 2 A/s
deposition rate. Co and Ni thin films (100-500 nm) were grown by loading a recently-etched p-
type Si 4” wafer and a crucible of Co or Ni metal pellets (15” x ¥~ dia., 99.95%, Kurt J. Lesker)
into the chamber of a Sharon electron beam vapor deposition system. The chamber was evacuat-
ed to 1 pTorr. The crucible was gradually heated over 1 h by slowly increasing the current until it
reached 60 mA at 10 kV for Co or 100 mA at 11.48 kV for Ni. A shutter was opened to allow
growth of a desired film thickness on the p-Si, while monitoring film growth with a piezoelectric
quartz crystal. (At first, a protective layer of Pt was coated onto the Si before Co to ensure con-
ductivity under oxidizing conditions, but this step ultimately proved to be unnecessary.) Films of
Co were also deposited into FTO substrates following this method.

Ge films (p-doped) were prepared on Si substrates for the PECVD experiments. The
substrates were etched for 10 s in buffered hydrogen fluoride and then inserted into a home-
built chemical vapor deposition (CVD) reactor, which was evacuated to a base pressure of 5.4
mTorr. A poly-crystalline p-type Ge film was grown initially at 360 ‘C for 3 min and then at
330 C for another 30 min. The growth pressure was 28 Torr with flow rates of 10, 14 and 100

standard cubic centimeters per minute (sccm) for germane (GeH4), diborane (B2Hg, 100 ppm

57



in He) and hydrogen (H2, Semiconductor Grade), respectively. The film growth rate under the-

se conditions was ~7.5 nm min~! for a total film thickness of ~250 nm.

Electroplated Co was deposited potentiostatically -1 V from baths containing 0.29 M
potassium citrate and 0.36 M CoSOs4 (pH 5.0).> A total 120 C/cm? was necessary to deposit a
film approximately 1 pym thick, as determined from SEM of a FIB cross-section and AFM. The
film was deposited under high stirring to remove hydrogen form the electrode, while alternating
the potential from open circuit to —1 V with a —0.6 V preelectrolysis step every 10 C/cm’.

The surface was masked by spin-coating 9S0PMMA C4 resist (MicroChem) over the
Co film at 4000 rpm for 4 min and then heating the substrate to 185 °C over 4 min. An electron-
beam writer (JOEL-7000) was used to define a square 9 x 9 array of 2 pm X 2 ym square open-
ings in the PMMA. The openings were spaced 80 pm from the nearest neighbor. The PMMA
was developed for 45 s in 1:3 MIBK:IPA developer (MicroChem) and soaked in IPA (99.5%,
Sigma Aldrich) for 45 s. Resist thickness and opening dimensions were confirmed by AFM. The
back of the sample (p-Si) and the sample edges were then coated with stop off lacquer
(MICCRO Products). Resist and lacquer were removed post-patterning by immersing the sam-

ple in acetone (99%, Sigma Aldrich) for 2 min, then IPA for 1 min.

2.5.2 Electrochemical methods

A two-compartment (50 mL compartments separated by a glass frit of medium porosi-
ty) electrochemical cell was filled with 0.1 M H,SO; or 0.1 M K,SO4 (99.0% min, Alfa Aesar)
and the sample was suspended vertically in one compartment. Type I water (EMD Millipore,

18.2 MQ-cm) was used to prepare solutions. The pH of 0.1 M K,SOj solution was unadjusted
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(measured as pH 8.4). Standard three-electrode cyclic voltammetry experiments were conduct-
ed using a Ag/AgCl reference electrode (BASI), a Pt mesh counter electrode, and potentiostat
(760D series, CH Instruments Inc.). After concluding the cyclic voltammetry, the resists and
lacquer were removed by soaking in acetone for ~1 min followed by a 10 s rinse in isopropanol.
For Ge patterning, scans were initiated at the open circuit potential, which was 0.1 V. For the da-
ta shown in Supplementary Figure 3, a 0.1 M sodium sulfate solution was used. All electrolytes

were prepared from reagent grade chemicals and type I water (18 MQ resistivity).

2.5.3 Catalyst Preparation and Characterization.

The patterned cobalt was oxidized to the CoPj catalyst at 0.95 V for 30 min in 0.1 M
KPO4 (pH 7.0), at which point steady-state was observed. Faradaic efficiency was calculated
using a fluorescent oxygen sensor (Ocean Optics) in a gas-tight electrochemical cell. The solu-
tion and headspace were purged with N2 for an hour and the sensor was placed in the head-

space. Electrolysis was performed at 1.0 V (vs. Ag/AgCl) in 0.1 M KPO4 (pH 7.0) for 10 h.

2.5.4 Plasma reduction.

Patterns formed using RIPPLE on films of e-beam evaporated Co and Ge were loaded into a
STS parallel plate electrode plasma enhanced chemical vapor deposition (PECVD) system. A
stable plasma was achieved by setting the Ar flow rate to 150 cm®/min and the H, flow rate to
250 cm®/min. The high frequency plate was set to 13.56 MHz and the low frequency plate was
set to 380 kHz. The sample was exposed to direct-ion bombardment for 3 hrs. The sample tem-

perature was cooled to 200 °C using octafluorocyclobutane.
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2.5.5 Microscopy.

SEM micrographs were acquired using the InLens and SE2 detectors on a Zeiss Su-
praSSVP (Carl Zeiss AG) operating at 3 kV. EDS maps were acquired on an SEM operating at
14 kV with 60 pym aperture size and WD = 8.5 mm. Topographic maps were acquired using an

MFP-3D AFM (Asylum Research) with an Al coated Si AFM tip (f ~ 300 kHz, AC160TS). Data

were acquired in AC mode. Using the Asylum software package, a 15t order Flatten procedure
was applied to the raw data to correct for a mild distortion of the substrate plane. For the AFM
maps in Figure le, a NXN median filter (size = 1) was applied as was the "Mocha" color table for
the z- axis data (Asylum software).

The FIB axial cross-sections cross-section of the electroplated Co pattern was prepared

by Ga% focused ion-beam milling (Zeiss NVision 40, Carl Zeiss AG). To protect against subse-
quent FIB damage, the sample was first coated with a ~50 nm thick carbon film inside the FIB
under SEM mode followed by ~550 nm of Pt under FIB mode. FIB milling was used to excise a
wedge from the substrate and was followed by FIB welding of the wedge to a nano-manipulator
needle with tungsten. The wedge was subsequently transferred and welded to a specialty Cu

TEM grid.
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Part 3. Development and mechanistic studies of a binary
potential step patterning method

Portions of this chapter have been published:
Jones, E. C.; Liu, Q.; Suo, Z.; Nocera, D. G. ACS Nano, 2016, 10, 5321-5325.



3.1 Introduction

RIPPLE, as it is described in our first publication, relies on CV to generate patterns of
concentric rings. In using CV and linearly scanning across a voltage window, we induce varying
fluxes and also potentially introduce unnecessary processes or intermediates within each scan.
These complexities, which present challenges in defining the mechanism of RIPPLE, are
mitigated by toggling between the potential limits of the CV experiment using a binary potential
step method. The binary potential step patterning method proposed is essentially a square wave
function in series with a lower potential, as compared to the triangular function of a CV.'?

There are several benefits that arise from using a binary potential step function. For one,
by distilling the patterning process into just two steps, we can alter the radius and width of each
ring in the pattern by changing the durations of the potential steps. Therefore, the pattern ge-
ometry is effectively programmable. Using such a voltage profile also allows us to provide robust
initial conditions for a scaling analysis. Comparison of observed patterns to those predicted by
the scaling analysis furnishes insight into the mechanism of patterning by RIPPLE. Understand-
ing how the bull’s-eye patterns are formed will be useful for developing our ability to distribute
oxides over substrates using electrochemistry. With these advancements, we hope to gain the
ability to refine the patterns as plasmonic waveguides™ or adjust the distribution of Co-OEC

over a substrate to optimize the performance of a PEC.*¢
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3.2 Results

3.2.1 Patterning Co by a binary potential step method
A binary-potential step method, depicted in Figure 3.1a, was used to generate patterns
from Co metal overlaid on Si by alternating between two discrete potentials. These experiments

were conducted with p-doped Si substrates coated with a 250 nm Co film, which was masked by
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Figure 3.1. (top) Potential-time view and (bottom) corresponding current-time view of a bi-
nary-potential step method for patterning cobalt in 0.1 M K2SO4.

poly(methyl methacrylate) (PMMA) e-beam resist, as previously described.® The mask contains
a9 x 9 array of 4 ym” square openings. The sample was suspended in 0.1 M K,SO, and subjected
to 10 potential steps (all potentials are reported vs Ag/AgCl) of 0.4 V (applied for 10 s) and
1.3 V (applied for 3 s), which correspond to the CV scan limits previously used to pattern Si
with Co oxide by RIPPLE.® As shown in Figure 3.2, concentric rings are produced. AFM shows

that the ridges are 1.4 ym wide and 130 nm tall. EDS elemental maps indicate that the ridges are
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composed of Co and O. The gaps between the rings and ring thicknesses are attenuated as a
function of distance from the pattern’s center. By modulating the durations of the 0.4 V and
1.3 V steps, the spacing between rings and the ring widths were adjusted, respectively (Figure

3.3). In addition, the duration of each potential was proportional to the width of the feature.

2001
=
0

0 20 40 60
Position on cross section (um)

Figure 3.2. Patterns formed in a Co film by alternating between 0.4 V (10's) and 1.3 V (3 s) 10
times in 0.1 M KSOy4. (a) Optical microscope images at 50x magnification. (b) SEM image

(top left) and EDS elemental maps of cobalt (green), oxygen (red), and silicon (blue). (c) AFM
map with height-profile of a diametric cross section (inset on right).
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Figure 3.3. Dependence of Co pattern geometry on potential duration for five applications of
the two-potential sequence, 0.4 V and 1.3 V, followed by one application of 0.4 V. To determine
the effect of the duration of 0.4 V, 1.3 V was held for 3 s for each application and 0.4 V was held
for the specified time indicated over each image (horizontal row). Similarly, 0.4 V was held at 10
s each application and 1.3 V was held for the time identified at the left of each image (vertical

column). The center image shows both potentials held for 3 s. Samples imaged at S0x magnifi-

cation.
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By exploiting the dependence of the pattern geometry on the duration of the potential
steps, we formed patterns with uniformed gap and ring dimensions by sequentially increasing
the duration of each step to compensate for the decreasing spacing between rings. Patterns con-
taining rings 3.0 ym in width and with 3.8 um spacing, shown in Figure 3.4, were generated for

binary potential steps held for 5,7, 9, 12, and 15 s.

Figure 3.4. Patterns in Co with conserved radial dimensions formed by sequentially increasing
potential step durations in 0.1 M K,SO.. Images from (a) optical microscope with S0x objective
and (b) SEM.

3.2.2 Correlating applied potential to pattern evolution

The potential binary step method was applied to a film of Co and surveyed by in situ op-
tical microscopy. A video recording of the pattern formation by alternating between 0.4 V (10's)
and 1.3 V (3 s) 10 times was synchronized to the applied potential and current so that the evolu-
tion of a pattern could be observed through optical microscopy (Figure 3.5). A bright-
contrasted circle expands from the opening for the first 10 s, followed by 3 s upon which a dark

ring propagates into the surrounding film.
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Figure 3.5. Evolution of the same Co pattern generated by alternating between 0.4 V (10s) and
1.3V (3's) ten times (graphically described by Figure S1). (a) After 105, (b) 13 s (c) 23's,and
(d) the final pattern (75 s). Red dashed-circle corresponds to the etch front after applying 0.4 V

for 10 s. Sample imaged at 63x magnification using water immersion objective.
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3.2.3 Patterning Ge by a binary potential step method

Figure 3.6a shows a binary potential step method consisting of five repetitions of 0.4 V
(20's) followed by 1.1 V (20 s). The EDS map for O reveal a circle of O at the center of a pattern
with four rings containing O surrounding it (Figure 3.6b). Reversing the order of low and high
potentials resulted in five discrete rings akin to the pattern generated in Co in Figure 3.2, with

the last ring at the perimeter of the pattern (Figure 3.6¢,d).

(c)

Figure 3.6. Patterns formed in a Ge film by altering between 0.4 V and 1.1 Vin 0.1 M K,SO..
(a) SEM micrograph of a pattern after five repetitions of the sequence 0.4 V (20 s) followed by
1.1V (20s). (b) EDS map for O of (a). (c) SEM micrograph of a pattern after five repetitions of
the sequence 1.1 V (20 s) followed by 0.4 V (20 's) (reverse of (a)). (d) EDS map for O of (c).
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We then examined the dependence of Ge patterns on the duration of the low and high
potentials (Figure 3.7). Increasing the 0.4 V steps causes the dark rings to thicken, while increas-

ing 1.1 V steps causes the spacing between the dark rings to widen.
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Figure 3.7. Dependence of Ge pattern geometry on potential duration for five applications of
the two-potential sequence, 1.1 V and 0.4 V, followed by one application of 1.1 V. To determine
the effect of the duration of 0.4 V, 1.1 V was held for 20 s for each application and 0.4 V was held
for the specified time indicated over each image (horizontal row). Similarly, 0.4 V was held at 20
s each application and 1.1 V was held for the time identified at the left of each image (vertical
column). The center image shows both potentials held for 30 s. Samples imaged at S0x magnifi-

cation.
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Figure 3.8. Application of (a) 0.2V, (b) 0.3V, and (c) 0.4 V for 10 s. Red dashed-circle corre-
sponds to the etch front after applying 0.4 V for 10 s. Sample imaged at S0x magnification.
3.2.4 Investigating the influence of Co** under the resist

To determine whether the etch front is kinetically or activation limited, we tested the ef-
fect of potential on the etching rate of Co. Etch fronts, which form at the openings of masked Co
films during the binary potential step patterning method, were reproduced by applying a 10 s
step of 0.2 'V, 0.3V, or 0.4 V to masked Co films suspended in 0.1 M K>SO, (Figure 3.8). The

etch fronts were similar in diameter for all three potentials.
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We also examined how diffusion affects the oxide rings. First, etch fronts were generated
at Co films by way of a 30 s step of 0.4 V. A 20 s step of 1.3 V was then applied immediately after
the 0.4 V step (Figure 3.9, left column) and after a 30 min delay following the 0.4 V step (Figure

3.9, right column). SEM and EDS show that identical layers containing Ge and O are formed at

Figure 3.9. Applying 0.4 V over 30 s, followed by 1.3 V over 20 s successively (left column) and
after a 30 min delay at open circuit (right column). SEM images (grey) and EDS maps for cobalt
(blue), oxygen (red), and silicon (green).



the parameter of the etch front regardless of whether there is a 30 min delay before the applica-

tionof 1.3V.

3.2.5 Modeling Co diffusion and ring spacing

An axisymmetric cross section of an etch front, depicted in Figure 3.10a, was modeled
by a finite element simulation using COMSOL software. Figure 3.10b shows that the concentra-
tion of Co®" at the opening is about an order of magnitude lower than its concentration at the
etching front. It also predicts that the concentration of K* is very low so that the concentration of

SO.> roughly equals the concentration of Co*". Note that the concentration of Co** at the open-
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Figure 3.10. (a) A schematic showing the diffusion from the etching front to the bulk electro-
lyte. Arrows schematically indicate the diffusion flux of Co%*. Cross section is axisymmetric
around the dash-dotted line. (b) Finite element simulation for the steady state concentration

distribution of Co%*t (=), S042~ (=), and K* (==) under the resist. Dashed black line

marked the edge of the opening.
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ing is about an order of magnitude lower than its concentration at the etching front. The con-
centration of K* is very low so that the concentration of SO4*" roughly equals the concentration
of Co™.

A finite elemental simulation was then calculated for the ring spacing in a pattern gener-
ated in a masked Co film using a binary potential step method (see discussion for details). The
model predicts the spacing between the oxide rings to decrease as a function of ring radius (Fig-

ure 3.11). This ring arrangement is also observed in the pattern of Figure 3.2.

10

-10 O

Distance from center in y (pm)

1 1 1
Distance from center in x (um)
Figure 3.11. Predicted ring spacing from finite-element simulations. Ring positions (blue) rela-

tive to a 1 um-diameter circular opening (black). Note ring spacing decreases with increasing
distance from the opening.
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3.3 Discussion

3.3.1 Developing a binary potential step method for RIPPLE-like patterning of Co

The current profile of the binary potential step method contains spikes at the beginning
of each step (negative-facing for 0.4 V steps and positive facing for 1.3 V steps), which are likely
due to double-layer charging (Figure 3.1b). These spikes then decrease to a constant value over
the duration of the step, as is expected for an electrochemical process approaching steady state.
The patterns generated by the binary-potential step are comparable to those generate by the
CV-based RIPPLE method with regard to both ring definition and spacing (Figure 2.2). This
validates the use of the binary potential step method as an alternative to the CV approach used
in RIPPLE. Substituting the CV step of RIPPLE with a binary potential step method reduces the
electrochemical conditions from an large indefinite number (as many potentials between the
bounds of the CV as the resolution of the potentiostat permits) to two conditions, which are
chosen as the lower and upper limits of the RIPPLE CV method.

The correlation between ring spacings and ring widths with the duration of the low or
high potential steps, illustrated in Figure 3.3, implies that at 0.4 V, the etching of Co metal oc-
curs, while at 1.3V, an oxide layer is formed. This result is an important insight into the mecha-
nism of pattern formation, and also shows that potential steps could be programmed to control
the geometries of the Co oxide pattern. To demonstrate this correlation, patterns with uni-
formed gap and ring dimensions were formed by sequentially increasing the duration of each
step (Figure 3.4). While our demonstration is used to create rings with consistent aspect ratios,
it is possible to generate any permutation of ring widths and spacings, opening up pattern

designs that require rings of varying specific dimensions. If constant durations are used for the
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steps, however, the normal progression of the pattern will attenuate the ring spacing, as observed

in the CV method.

3.3.2 Co redox behavior under patterning conditions

To delineate the correlation between applied potentials and the patterning process, the
pattern was surveyed by in situ optical microscopy (Figure 3.5). The AFM height and EDS maps
in Figure 3.2 indicated that the bright-contrasted circle and surrounding bright-contrast rings
correspond to regions where Co was removed and the dark-contrasted rings correspond to Co
oxide. These results are in agreement with the assignment to an etching process at 0.4 V and
metal oxide formation at 1.3 V. With consideration to the Pourbaix diagram of Co, the reaction
during etching at 0.4 V in 0.1 M K,SO, corresponds to the two-electron oxidation of Co° to a

soluble Co** ion or CoO(OH)~ (Figure 2.16).’

3.3.3 Comparing patterns formed in Co and Ge

We chose to extend the redox-induced rational for patterning to Ge, which was the ma-
terial that was first used to discover RIPPLE, in order to test the generality of the Co patterning
mechanism described in the foregoing section (3.3.2).

We started by developing a binary potential step method for patterning Ge. Figure 3.6a
shows the binary potential step method that was used to create a clean pattern in Ge. Like the
method used to generate a pattern in Co, we first applied a low potential followed by a high volt-
age (previously the limits of the CV used to pattern Ge by RIPPLE), and then repeated this se-
quence five times. The EDS map shows that the respective locations of depleted material and

oxide rings were inverted from the Co patterns with regard to the low and high potentials (Fig-
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ure 3.6b). We then reversed the order of the low potential steps (0.4 V) and the high potential
steps (1.1 V) in a second method for pattering Ge (Figure 3.6c,d). The reversed method gener-
ated a pattern analogous to the Co pattern, with five discrete oxide bands emanating from a cir-
cle that is vacant of material. This result led to the conclusion that the process that etches Ge
occurs at the higher potential step, whereas the process that forms Ge oxide occurs at the lower
potential step.

We reference the Pourbaix diagram of Ge to examine the behavior of Ge under pattern-
ing conditions (Figure 3.12). In comparison with the Co Pourbaix diagram (Figure 2.16), the
areas that correspond to corrosion and passivation, which were believed to respectively cause
etching and oxide ring for Co, are reversed on the potential axis for the Ge Pourbaix diagram.
The predicted behavior of Ge is therefore in agreement with our results above.

We next sought to utilize the control previously exhibited in Figure 3.3 for Co patterns
formed by binary potential step patterning. We were able to generate patterns with varying ring
spacings and widths depending on the durations of the 1.1 V and 0.4 V steps, respectively. Hav-
ing isolated the Ge patterning conditions, we confirm a reliable approach to generating rings of
Ge oxide in films of Ge using the simple binary-potential step method. We expect that this
method can be applied to other materials directly by referencing the material’s Pourbaix dia-
gram, without the need for CV as prescribed in RIPPLE. We also confirm that the patterning
mechanism is a consequence of a material’s redox properties, which is comprehensive across

different systems.
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Figure 3.12. Pourbaix diagram for Ge in water, 25 °C. Not all species considered. Colors indi-
cate theoretical conditions for metallic Ge (green), corrosion (red), and passive oxide formation
(blue). Arrow represents equilibrium shifting as [HGeO;] increases from 0.1 mM to 1 M.
Dashed lines mark H,/H* equilibrium (bottom) and H,O/O; (top). Data from Reference 7.

3.3.4 Dependence of pattern formation on Co™
We now move from how the redox properties of a material affect patterns to the role of
the soluble species formed under patterning conditions. As mentioned above, Co is etched to

Co*" upon application of 0.4 V. Here, we resolve the influence of Co** on the pattern.
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Similar diameters of the etch fronts after stepping the potential to 0.2V, 0.3 Vand 0.4 V
for 10 s (Figure 3.8) indicate that the etching rate is not limited by the applied voltage. This is
compelling evidence that the etch front at 0.4 V is kinetically limited by the diffusion of Co*,
since 0.4 V was the highest potential applied. In contrast, if the etch front was thermodynamical-
ly controlled, moving to lower potentials should induce slower etch fronts (smaller diameters).
Since the binary potential step method we use for patterning Co films uses a lower potential step
0f 0.4V, the etching rate of the patterns must be limited by the diffusion of Co*".

The role of Co* in the ring formation was also investigated. After allowing a delay be-
tween the formation of the etch front and the application of 1.3 V, an identical oxide ring was
formed at the parameter of the etch front. Since 30 min delay was sufficient for the Co’* to dif-
fuse out of the cavity through the opening of the resist, the oxide formation process is independ-
ent of diffusion and the concentration of Co**, suggesting that the primary pathway for oxide
formation is the direct conversion of Co metal to Co oxide This is consistent with the observa-
tion that the oxide layer extends into the Co° film during application of 1.3 V (Figure 3.5). If
Co®" were to deposit as the oxide ring, we would expect the dark oxide ring of Figure 3.5b to
form on the inside of the etch front (red circle). Also in support of this finding is the observation
of preserved platelets in the RIPPLE pattern generated in electroplated Co (Figure 2.3).

Co is thus etched away at 0.4 V and the metallic front at the boundary of the etching
front is converted into the oxide ridge at 1.3 V by the reaction of Co metal with water under this
anodic potential. The next ring is then formed upon cobalt etching from the backside of the Co
oxide ring. The Co*" ions produced during etching diffuse over the top of rings to the opening in

the mask.
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3.3.5 Developing and evaluating the Co pattern model
The kinetics process of Co*" diffusion from the etch front is explored with finite element
simulations. Defining ¢ as the concentration and ] as the flux of Co?, the conservation of Co**

requires that

ac
at

=-V] (1)
The simplest case is for J to obey Fick’s law,

J=-D V¢ (2)
Dimensional analysis of eqs 1 and 2 furnishes a relaxation time,

2
L
D (3)

where t is the relaxation time, L is the distance from the etching front to the opening, which
should be on the order of 10 ym, and D is the diffusivity. Co®* ions are expected to have a diffu-
sion coefficient close to the self-diffusivity of water, on order of 10~ m*/s.** Equation 3 furnishes
a relaxation time on the order of 0.1 s, which is much shorter than the time scale of operation at
0.4 V (10 s). Consequently, diffusion is taken to be at steady state during etching and the left-
hand side of eq 1 is equal to zero. Under these assumptions, the etching rate at any time can be
calculated.

At the etch front, we assume the concentration of the Co?* is limited by a saturated value

Cgaty Which gives one boundary condition,

Clfront = Csat (4)

The concentration of Co*" is assumed to be 0 M at the opening, which gives the other boundary
condition,

c opening = 0 (5)
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Equations 1, 2, 4, and S, under the steady state assumption, constitute a complete boundary
value problem that uniquely determines the concentration distribution once the size of the
opening and the position of the etching front are prescribed. The etching front moves as metallic
Co is etched. The normal velocity of the etching front is
vh=JQ (6)

where () is the molar volume of the metallic Co and J is the magnitude of the diffusion flux,
which is always perpendicular to the etch front due to eq 4. In the axisymmetric case, an analyti-
cal solution for eqs 1, 2, 4, and § exists,

Inr-Inrg

C(T) = Gsat Inre -Inry (7)

where ry and rf denote the position of the edge of the opening and the etching front.

Correspondingly, if we combine eqs 2 and 6 and compute Vc from eq 7, the velocity of the etch

front is

DCsat.Q. 1

Yn = Int¢ -Inry 7¢ (8)

By definition, v, = dr¢/dt. The time evolution of rf can be numerically integrated based on eq 8.
This allows for calculation of Figure 3.11. The blue rings shown in Figure 3.11 correspond to the
position of oxide rings observed in experiments.

In this simulation, we assume that the thickness of the oxide rings is much smaller than
the distance between the rings and that the rings do not markedly affect the kinetics of diffusion.
With regard to the latter, the diffusion is not significantly affected if the spacing over the top of
the ring is more than ~1/10 the height of the film thickness (i.e., the spacing between the Si
substrate and the mask overlayer). Figure 3.4 shows that this condition is met. The average ring

height is 123 nm vs a film thickness of 173 nm, and thus, the average difference in ring height
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from film thickness is S0 nm, or approximately 30% of the film thickness. In addition, the Co
oxide ring is porous and fluid may flow through the oxide ring. Hence, the presence of rings does
not greatly perturb diffusion for the purposes of this model. In the calculation of Figure 3.11, the
opening size is chosen as ro = 1 ym. The molar volume of metallic Co is Q2 = 6.6 mL/mol, and we
take c« = 1 M, which is approximately the solubility of saturated CoSO, solution. The initial
condition (t = 0) for the calculation is r¢=ro + 0.1 pm.

Whereas the concentration of Co*" at the opening was set to 0 M in furnishing the re-
sults of Figure 3.11, a nonvanishing concentration is required to drive the diffusion from the
opening to the bulk electrolyte (Figure 3.10a). The space under the resist is highly confined
compared to the space outside the opening, and therefore, we expect a much steeper concentra-
tion gradient from the etch front to the opening as compared to from the opening to the bulk
electrolyte. Consequently, no matter what the concentration at the opening may be, it will al-
ways be small compared to the concentration at the etch front. Thus, setting c|opening = 0 M as a
boundary condition does not significantly change the diffusion rate. We note that lerom =1Mis
much higher than the concentration of the supporting electrolyte, 0.1 M. The complete expres-
sion of flux should thus account for the contribution from migration due to this difference in

ionic strength,

J=-DVe--$DeVg
kT

(8)

where z is the valence of Co** and ¢ is the electric potential. The fluxes of the other two ions,
SO4** and K, satisfy similar relations, with their own concentrations and diffusivities. Outside
the double layer from the boundary, the solution is electrically neutral. Consequently, the elec-

tric potential satisfies the Laplace equation,
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Figure 3.10b serves to validate the above approximations to yield eqs S and 11. In this simula-
tion, which calculates a steady state concentration distribution of Co?*, a geometry like Figure
3.10a is constructed with ro = 1 ym, r; = 10 pm, a metal layer 0.25 pm thick, and a resist 0.4 pm
thick. A cylindrical volume of the electrolyte with radius of 20 pm and height of 30 pm is
simulated. The concentrations at the top boundary are set to the concentration of the initial elec-
trolyte (that is, 0.1 M K,SO, with no Co*"). The electric potential is set to 0 V at the top
boundary. At the etching front, the electric current is set to match the etching rate. The flux of
Co® is specified to a value that makes its concentration at the etching front 1 M.

The proposed model for pattern formation consists of etching metallic Co at low anodic
potentials followed by oxidation of the metal to Co oxide when the potential is stepped to a
more positive anodic potential. Upon returning the potential, Co oxide formation ceases, and
etching begins on the backside of the Co oxide ring, extending away from the center of the ring.
This is a departure from our original hypothesis that capillary flow was involved in ring deposi-
tion.” Our analysis indicates that the etching process is dictated by Co ion diffusion upon etch-
ing. The analysis illustrates that as the etch front of metallic Co progresses from the opening, the
mass transport of Co’* away from the etch front is deterred because the distance for diffusion
into bulk electrolyte increases. Since the concentration at the etching front is limited by the satu-
rated concentration of Co** and the concentration at the opening is effectively zero, the increase
in distance results in a decrease in concentration gradient, which results in a lower diffusion flux.
The lower diffusion flux corresponds to slower etching further from the center of the pattern,

which accounts for the decreasing ring spacing in the experimental results observed Figure 3.2 It
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should also be mentioned that for the simulation of the pattern, we only consider the spacing
between the rings. The presence of oxide rings is expected to further narrow the spacing by con-
stricting the diffusion path. However, the geometries of the rings are not critical for observing
the trend in the ring spacing. This trend in ring spacing is verified experimentally (Figure 3.2).
Our experimental results supported by analysis show that the mechanism of pattern
formation by RIPPLE establishes that the ring position depends on the distance of cobalt ion
diffusion into bulk electrolyte, with the kinetics limited by the diffusion of Co** from the etching

front to the opening.

3.4 Conclusion

Radial patterns of Co oxide are formed in 0.1 M K,SO; by first oxidizing Co® to Co*" at
0.4 V, which results in etching from the opening in the mask to the inner radius of the first ring.
The resulting metal perimeter is then directly oxidized to Co oxide at 1.3 V to form the ring.
Ring spacings and widths may be adjusted by modulating the duration of the 0.4 V and 1.3V
potential steps, respectively. By partitioning the patterning process into two discrete potential
steps, we achieve improved control of pattern geometry and boundary conditions for the
patterning process. With the use of the scaling analysis, a mechanism for producing the observed
pattern geometry is correlated to the sequence of electrochemical steps involved in the
formation of the submicrometer structures, thus allowing for precise control of the pattern
geometry. The ability to pattern large areas of silicon periodically with submicrometer inorganic

oxides affords a facile method for electrochemically integrating materials with silicon.
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3.5 Experimental Methods

3.5.1 Working electrode fabrication

The working electrode to be patterned was fabricated by etching 4” p-type Si wafers (B-
doped, <100>, 1-10 Q-cm, Nova Electronic Materials) in 7:1 buffered oxide etch (BOE, J.T.
Baker) and rinsing with Type I water (EMD Millipore, 18.2 MQ.cm) 30 s immediately before
use. A 300 nm layer of Pt was deposited by electron-beam evaporation onto a p-Si chip to protect
the surface from oxidation using an automated instrumented to determine voltage and current
parameters for a 2 A/s deposition rate. Co and Ni thin films (100-500 nm) were grown by load-
ing a recently-etched p-type Si 4” wafer and a crucible of Co metal pellets (%~ x %” dia., 99.95%,
Kurt J. Lesker) into the chamber of a Sharon electron beam vapor deposition system. The cham-
ber was evacuated to 1 pTorr. The crucible was gradually heated over 1 h by slowly increasing the
current until it reached 60 mA at 10 kV. A shutter was opened to allow growth of a desired film
thickness on the p-Si, while monitoring film growth with a piezoelectric quartz crystal.

Ge films (p-doped) were prepared on Si substrates for the PECVD experiments. The
substrates were etched for 10 s in buffered hydrogen fluoride and then inserted into a home-
built chemical vapor deposition (CVD) reactor, which was evacuated to a base pressure of 5.4
mTorr. A poly-crystalline p-type Ge film was grown initially at 360 ‘C for 3 min and then at
330 C for another 30 min. The growth pressure was 28 Torr with flow rates of 10, 14 and 100
standard cubic centimeters per minute (sccm) for germane (GeH4), diborane (B2Hg, 100 ppm

in He) and hydrogen (H2, Semiconductor Grade), respectively. The film growth rate under the-

se conditions was ~7.5 nm min~! for a total film thickness of ~250 nm.

The electrode surface was masked by spin-coating 9SOPMMA C4 (MicroChem) resist
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over the Co film at 4000 rpm for 45 s and then heating the substrate to 185 °C over 4 min. An
electron-beam writer (JEOL-7000) was used to define a square 9 x 9 array of 2 pm X 2 pym
square openings in the PMMA. The openings were spaced 80 pm from the nearest neighbor.
The PMMA was developed for 45 s in 1:3 MIBK/ IPA developer and soaked in IPA for 45 s. Re-
sist thickness and opening dimensions were confirmed by AFM. The back of the sample (p-Si)

and the sample edges were coated with stop-off lacquer (MICCRO Products).

3.5.2 General electrochemical methods

All electrochemical experiments were conducted using a CH Instruments 760D bipo-
tentiostat, a Pt-mesh counter electrode, and a BASi Ag/AgCl reference electrode (stored in satu-
rated KCl), except for in situ microscopy, which utilized either a microreference electrode
(none-leak interface, Innovative Instruments) or a BASi Ag/AgCl reference electrode encased in
a Luggin capillary tube fabricated by stretching a glass pipet over a flame. All electrochemical
experiments were performed with a three-electrode setup within a plastic beaker, except for the

in situ recording, where the working electrode was laid horizontal and 0.1 M K5SOy4 (99.0%

min, Alfa Aesar) was dropped onto the surface. A microreference electrode and Pt wire were in-
serted into the drop, which was contained on the electrode by surface tension. All procedures
were performed at ambient temperature (23 + 1 °C). The microreference electrode contained
3.4 M KCl and was corrected to match the saturated KCl solution using E(Ag/AgCl sat. KCI) =
E(Ag/AgCl 3.4 M KCl) + 0.035 V (measured). All potentials mentioned are referenced to
Ag/AgCl (saturated KCI).

Consistently wide rings and gaps were generated with the following potential steps in
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their respective order: 0.4V (Ss), 1.3V (55),0.4V (75),1.3V(75),04V (9s),13V (9s),0.4

V(125s),1.3V(125),0.4V (15s),1.3V (155),0.4V (205s).

3.5.3 Microscopy

Optical microscopy was performed using an Axio Scope.Al microscope in conjunction
with 20x and 50x objectives, a 63x water immersion objective, and an AxioCam ICc S (all com-
ponents Carl Zeiss Microscopy).

Field emission SEM was performed with a Zeiss SupraSSVP. The SEM was operated at
3 kV at a working distance of ca. 8 mm with a 30 pm aperture and used the secondary electron
(SE2) detector. EDS was performed with an EDAX detector at an electron-beam voltage of 14
kV. The EDS maps were acquired with a dwell time of 200 ms, a resolution of 1024 x 800, and at
a working distance of 8.5 mm.

AFM was conducted with AC mode using an MFP-3D system (Asylum Research) with
a 300 kHz Al-coated Si AFM tip (Asylum Research) with a scan rate of 0.3 or 0.6 kHz. The AFM
maps were masked, flattened, filtered, and line erased for clarity. The “Dull Yellow” color

scheme was applied and set to inverted and negative color.
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Part 4. Studying resist behavior and developing a method
for lithography-free electrochemical patterning

Manuscript in preparation.



4.1 Introduction

Lithography is the preferred method for the fabrication of practically all modern
miniaturized electronics."” The conventional photo- and electron-beam lithography techniques
that have delivered this revolution in electronic devices remains challenged by scalability, pro-
cessing time, and most notably, the cost of lithographic writers and the facilities needed to house
the instrumentation.>* These challenges have provided an imperative for the development of
self-assembly and other benchtop chemical strategies that furnish highly organized architectures
while meeting the constraints of simplicity, affordability, and precision.>*>"!

In Part 3, RIPPLE was modified to use binary potential steps, which allows control of
the dimensions of the electrochemically generated pattern.'”” We now examine the role and influ-
ence of the resist overlayer on the uniformity of pattern formation. The resist on top of the redox
active layer is used to confine etching and oxide pattern formation to a lateral space under the
resist, thereby defining a moving boundary for the oxidative process to proceed." This approach
allows for precise control of the extent of oxidation and consequently control over the resulting
oxide structures. An opening in the resist allows the initial oxidation process to occur; if a hole is
produced in the resist, then a ring pattern is generated. As the ring patterns evolve, the resist
detaches and lifts away from the underlying metal or semi-metal film.'* The detachment of the
resist appears to be involved in pattern formation, as the resist is directly involved with solution
access to the redox-active layer beneath.

The most labor-intensive step of RIPPLE is the lithographic generation of holes in the
resist to enable etching to be initiated. In RIPPLE, the ring spacing decreases as the pattern

extends further away from the lithographically-defined opening. This tightening of rings is
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attributed to an increased concentration of dissolved film material near the edge of where the
redox-active film is being etched (the etch front) due to diffusion constraints inherent in the etch
front’s expansion from the opening."”” When trying to fabricate large patterns containing many
rings from a single opening, this tightening of gaps between rings becomes detrimental to
pattern formation (Figure 4.1). The decrease in ring spacing may be remedied by increasing the
duration of each successive potential step."> However, this strategy adds time to the electrochem-
ical procedure and the ideal durations are empirically difficult to assess. With the goal of simpli-
fying the overall process of patterning in this fashion, we assess the influence of resist properties
on pattern formation and the implications of altering the resist. From this information, a lithog-
raphy-free approach to generating identical patterns is achieved with simple resists such as that
furnished from a lacquer-water emulsion, thus greatly simplifying the fabrication of RIPPLE

patterns.

20 pm
|

Figure 4.1. Optical micrographs of patterns formed under 950 PMMA C4 spin-coated at 4000
rpm. Patterns were generated by alternating between 0.4 V (10 s steps) and 1.3 V (3 s steps) 25
times in 0.1 M K,SO.. Note, rings become less defined and coalesce as the pattern moves further
from the opening in the resist.
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4.2 Results

4.2.1 AFM analysis of resist

To understand the role of the resist in pattern formation, the properties of the resist
were varied. A Co metal film was spin-coated with 950 PMMA C4 e-beam resist (all spin-
coating speeds held for 45 s), identical to those previously used in RIPPLE." Holes in the resist
are created using photolithography. The resist overlayer was examined by atomic force imaging
in solution (liquid AFM) immediately after patterning with the resist still intact (Figure 4.2a).
The resist was kept immersed in solution to maintain pressure under the resist and prevent it
from collapsing. Using the hole as a reference point, the AFM height map of the resist was
compared to the height map of a pattern of the same sample acquired later without solution or
resist (Figure 4.2b). The AFM height map indicates that the surface z-height of the resist
increases over the patterned area. The height of the resist is highest toward the center of

the pattern and gradually declines towards the perimeter of the pattern.

4.2.2 Modulating resist thickness

A S1800 photoresist series was next employed because it offers a wide range of available thick-
nesses for the same polymer constituent (Table 4.1). Thickness was the first parameter changed
because the flexural modulus (i.e., the ability of the resist to lift away from the substrate) is in-
versely proportional to the thickness of the resist. Figure 1 shows patterns formed under resists

of varying thicknesses. Resist thicknesses confirmed by AFM are tabulated as a function of spin
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speed in Table 4.1. The resist-coated substrates were suspended in 0.1 M K,SO, and steps of
0.4 Vand 1.3 V were each applied ten times in 3 s intervals. For thicker resists, the spacing be-
tween rings tightened rapidly, similar to what was observed for 950 PMMA C4 spun at 4000
rpm. In contrast, thinner resists yielded consistent ring spacing up to the perimeter of the pat-

tern (top panel of Figure 4.3).
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Figure 4.2. (a) AFM height data of 950 PMMA C4 spun at 4000 rpm after cycling between 0.4
V and 1.3 V. Unsymmetrical increase in surface height in respect to the opening in the resist is
an artifact caused by scanning parallel to the x-axis. (b) Composite of image in panel (a) over-
laid on an AFM height map of a pattern (mapped without solution or resist) generated on the

same sample.
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The correlation between the resist thickness and its ability to detach and deform away from the
metal film was examined. Patterns with ~20 um diameters were achieved by adjusting the num-

ber of 3 s potential steps, so as to normalize the areas patterned under the different resists

S1800 480 nm S1800 950 nm S1800 1200 nm

P
-

7:

S1800 1500 nm S1800 2100 nm PMMA 40 nm

. j ; " &20 m

Figure 4.3. Patterns formed by applying 0.4 V (3 s) followed by 1.3 V (3 s) ten times in 0.1 M
K;SO.. Resist type (S1800 series photoresist or PMMA e-beam resist) denoted at top left. Film
thickness at top right. Optical microscope 50x objective.

Table 4.1. Resist thickness values from commercial datasheets and measured values.

Photoresist Spin speed (rpm) Datasheet thickness (nm)®  Measured value (nm)?

PMMA 4000 400 740
S$1805 7000 360 280
S$1805 4000 460 310
S$1805 3000 540 430
S$1805 2000 650 480
S1813 7000 1000 950
S1813 4000 1300 1200
S1818 7000 1400 1500
S1818 3000 2200 2100

*PMMA thickness data from MicroChem datasheet; S1800 series from Rohm and Hass Electronic Materials
datasheet. " Measured values from AFM height maps, using the height difference of the bottom of lithographic fea-
tures from the surface of the resist.
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(Figure 4.4). While maintaining the samples in 0.1 M K,SO; solution, the z-heights of the resist
over the patterns were mapped by liquid AFM. The results show that for thicker resists of the
same material, slight deformation of the resist over the pattern is observed, while thinner resists

lift away significantly more from the underlying substrate (Figure 4.5).

Figure 4.4. Patterns beneath resists examined by solution AFM. (a) S1805 spin-coated at 7000,
(b) S1805 spin-coated at 2000 rpm, (c) S1818 spin-coated at 3000 rpm and (d) 950 PMMA C4
spin-coated at 4000 rpm. The electrochemical methods to generate the patterns are as follows:
application of 0.4 V (3 s steps) followed by 1.3 V (3 s steps) 4 times for patterns in panels (a)
and (b), 10 times for patterns in (c) and (d). Black dashed circles are 20 pm in diameter.
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Figure 4.5. AFM height maps of select resist surfaces after patterning. (a) S1805 spin-coated at
7000 (280 nm), (b) S1805 spin-coated at 2000 rpm (480 nm), (c) S1818 spin-coated at 3000
rpm (2100 nm), and (d) 950 PMMA C4 spin-coated at 4000 rpm (740 nm). Unsymmetrical
increase in surface height in respect to the opening in the resist is an artifact caused by scanning
in the x-direction. (a) and (b) exhibit tears near the opening caused by the AFM tip.

4.2.3 Electrochemical patterning with lacquer beads

A solution of commercial stop-off lacquer and dichloromethane was added to
water to yield a two-phase mixture. The mixture was briefly shaken by hand to form an
emulsion (Figure 4.6a). The emulsion was drop-cast onto a 250 nm-thick layer of cobalt
and allowed to dry, resulting in beads of lacquer ranging from 10 pm to 100 pm in di-
ameter (Figure 4.6b). When this assembly was suspended in 0.1 M K,SO4 and 3 s steps
of 0.4 V and 1.3 V were applied to the Co metal film 15 times, patterns were observed at
the sites of lacquer beads (Figures 4.6¢ and 4.6d), while the metal between the patterns

was removed.
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Figure 4.6. Patterning by a lithography-free approach using lacquer beads as a mask. (a) Lac-
quer-water emulsion. (b) Beads of lacquer drop-casted onto cobalt. (c) Patterns formed under
lacquer beads by applying 3 s steps of 0.4 V followed by 1.3 V 15 times in 0.1 M K,SO.. (d) AFM
height map of a pattern formed by the procedure used in (c).

4.3 Discussion

4.3.1 Resist behavior under patterning conditions
The AFM height map indicates that the surface z-height of the resist increases toward
the center of the pattern. This shape of the deformed resist after patterning is consistent with a

resist attached only at the perimeter of the pattern, while being allowed to detach and separate
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over the patterned area. In other words, the resists is detached completely and allowed to deform
away from the substrate, with solution between the substrate and the resist. The bulge forms

because the resist is anchored to the edge of the pattern, forming a pocket of electrolyte.

4.3.2 Influence of the resist’s properties on underlying pattern geometry

Observing ring spacing as a function of resist thickness establishes that for thin resists,
rings toward the outside of a pattern have larger spacing and are well defined as compared to
patterns formed under thicker resists. The ability of the resist to deform implies a correlation
with the available space for diffusion underneath the resist and thus the ability for Co** to diffuse
away from the etch front and exit through the opening of the resist is enhanced. Since the ability
for diffusion of ions away from the etch front is dependent on this volume under the resist, and
the velocity of the etch front is an inverse function of local Co** concentration,” it follows that
the ability of the resist to deform influences the ring spacing by setting the upper boundary that
confines lateral diffusion from the etch front. This contention is consistent with the trend in the
degree of ring spacing attenuation observed in Figure 1 and also is in agreement with previously

simulated results' for an etch front progressing in a narrow space under a rigid resist.

4.3.3 Electrochemical patterning with emulsions as a lithography-free approach

The results from our survey of resist thicknesses imply that a resist should be chosen to
allow appropriate diffusion from the etch front in order to obtain uniform patterns. However,
the diffusion of ions from the etch front is impeded when etching outward from an opening
because of the increasing distance between the etch front and the opening in the resist (to bulk

solution), as well as the increasing area of the etch front. This problem is circumvented by
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patterning “inward” under a discrete mask. For instance, under a circular mask, the concentra-
tion of ions at the etch front will diffuse radially outward, and will not be constricted as the front
progresses, resulting in more uniform patterns.

We illustrate this by utilizing the lacquer emulsion above. The patterns contain 13 dis-
crete rings, presumably because the first four steps oxidize the metal around the lacquer bead
before a discrete boundary can be formed under the bead. As expected for a configuration with
uninhibited outward diffusion of metal ions from the etch front, the ring spacing and widths of
the pattern are uniform. Thus, a simple, lithography-free method delivers organized and narrow

cobalt oxide structures patterned on silicon.

4.4 Conclusion

The results reported herein show that the nature of the resist has a profound effect on
the fidelity of the pattern, especially as the patterned surface area increases. A lithography-free
approach to generating patterns may be achieved by replacing a resist overlayer containing lith-
ographically patterned holes with droplets from an emulsion. Patterning under such discrete
masks (lithographically patterned polymers versus emulsions) demonstrates the versatility of
electrochemical patterning, providing an inexpensive, accessible, and robust technique for
patterning surfaces with a well-defined rings of oxide catalysts. In addition, since patterning only
requires a consistent moving boundary over the electrode and ample diffusion of metal ion away
from the etch front to maintain uniformity, we anticipate the lithographic-free patterning
approach to be applicable for a multitude of other systems and especially useful for optimizing

integrated Si-catalyst assemblies in integrated PEC architectures'>* for solar energy conversion.
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4.5 Experimental Methods

4.5.1 Working electrode fabrication

The working electrode to be patterned was fabricated by loading a recently-etched
(buffer oxidizing etching solution, 7:1 buffered oxide etch (BOE, J.T. Baker) and rinsed with
water 30 s immediately before use) p-type Si 4" wafer and a crucible of Co metal pellets into the
chamber of a Sharon electron beam vapor deposition system. The chamber was evacuated to 1
pTorr. The crucible was gradually heated over 1 h by slowly increasing the current until it
reached 60 mA at 10 kV. A shutter was manually opened to allow the growth of a 250 nm Co
film on the p-Si, while monitoring film growth with a piezoelectric quartz crystal.

The electrode surface was masked by spin-coating a positive resist over the Co film. For
950 PMMA C4 e-beam resist, the sample was spun at 500 rpm for S s and 4000 rpm for 45 s, fol-
lowed by baking at 185 °C for 4 min. An electron-beam writer (JOEL-7000) was used to define a
square 2 X 2 array of 8 um x 8 ym square openings in the PMMA. The openings were spaced 72
pm from the nearest neighbor. The PMMA was developed for 45 s in 1:3 MIBK:IPA developer
and soaked in IPA for 45 s.

For the S1800 series photoresists, S1805, S1811, S1813, and S1818 were spin-coated
over Co films. To control resist thickness, the resists are spin-coated onto samples at 500 rpm
for S s followed by 2000, 4000, 3000, or 7000 rpm for 45 s (samples are referred to using only
the latter spin speed). Samples were baked at 115 °C for 2 min. S pm X S pm square openings
were exposed over the surface with 200 pym spacing between the squares using a Heidelberg

uPGS01 photowriter. Samples were developed in CD-26 for 3 min and washed thoroughly with
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water. Resist thicknesses and opening dimensions were confirmed by AFM. The backs and edg-
es of all samples (p-Si) were then coated with stop-off lacquer.

To prepare films for lithography-free patterning, stop-oft lacquer thinned with DCM in
a 1:1 ratio. The lacquer solution was then added to water and shaken by hand, which resulted in
a stable emulsion. This emulsion was drop-casted onto a 250 nm-thick film of cobalt overlayer

on p-Si and allowed to dry.

4.5.2 General electrochemical methods

All electrochemical experiments were conducted using a CH Instruments 760D bipo-
tentiostat, a Pt-mesh counter electrode, and a BASi Ag/AgCl reference electrode (stored in satu-
rated KCl), except for samples prepared for atomic force microscopy (AFM), which utilized a
non-leak micro-reference electrode (Innovative Instruments). All electrochemical experiments
were performed with a three-electrode setup within a polypropylene beaker, except for samples
prepared for AFM, where the working electrode was laid horizontal and 0.1 M K,SO4 was
dropped onto the surface. A micro-reference electrode and Pt wire were inserted into the drop,
which was contained on the electrode by surface tension. All procedures were performed at am-
bient temperature (23 + 1 °C). The micro reference electrode contained 3.4 M KCl and was cor-
rected to match the saturated KClI solution. All potentials mentioned are referenced to Ag/AgCl
(saturated KCI).

For AFM samples, S1805 spun at 7000 rpm and 2000 rpm was patterned with applica-
tions of four 3 s steps 0.4 V and 1.3 V steps to yield a pattern with a diameter of 20 pm. Similarly,
for S1818 spun at 3000 rpm and 950 PMMA C4 spun at 4000 rpm, applications of ten 3 s steps

0.4V and 1.3 V steps to yield a pattern with a diameter of 20 pym.
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4.5.3 Microscopy

Optical microscopy was performed using an Axio Scope.Al microscope in conjunction
with 20x and S0x objectives and an AxioCam ICc S (all components Carl Zeiss Microscopy).
In-solution AFM was conducted with AC mode using an MFP-3D system (Asylum Research)
with a 300 kHz Al-coated Si AFM tip (Asylum Research). The AFM maps were plane fit and line
erased for clarity. For Figure 2, “Dull Yellow” color scheme was applied and set to inverted and
negative color. The color scheme “PastelMaps” was applied to all AFM height maps of resists.
For the pattern height map used in Figure S2b, the color scheme “Mocha” was applied for con-

trast.
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Part S. Patterning at a triple-phase boundary



5.1 Introduction

Part 3 describes how a moving boundary can be used to engender electrochemical pat-
terning. We then used various materials and geometries in Part 4 to define a moving boundary,
which allows us to pattern using a binary potential step method. These experiments demonstrat-
ed that discrete islands were better suited for the diffusion requirements of RIPPLE-like pattern-
ing. Utilizing a lacquer emulsion afforded a facile electrochemical method for making concentric
circles of oxide. Thus, the previous sections have sought to understand the process of RIPPLE,
making adjustments along the way to simplify the setup.

The aforementioned studies have been limited to patterning under solid-state masks. A
gaseous phase, however, could analogously be used to define a moving boundary needed for
patterning. A gaseous phase "mask," such as a gas bubble on an electrode, has the advantage of
being generated by gas-evolving electrochemical reactions, thus transforming a thin film of metal
into a self-patterning surface. This chapter explores the possibility of exploiting gas bubbles, as
well as the triple-phase interface formed by a partially submerged substrate, for generating sub-
micron oxide structures. The parallel, ridge-like oxide structures produced by a dip-coating
method described herein are relevant to PEC design and construction and Co nanostructure
applications, such as nano-structured battery anodes.'* As an energy-focused group, we take
particular interest in the PEC application, where Co-OEC placement or patterning could im-
prove device performance.® In addition, flat-laying parallel structures with large aspect ratios
have found applications in electronics.®” Furthermore, the scaffolds used in cellular growth
guides, especially for neurons, employ surface ridges with approximately the same widths as the

oxide ridges generated by the dip-coating method.®®
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5.2 Results

5.2.1 Electrochemically-generated air-liquid interfaces

An electrode consisting of a Co metal-coated p-Si substrate was suspended parallel to
the top of an electrochemical H-cell, with the Co-side facing downward. The cell was filled with
0.1 M K,SO; electrolyte so that the solution level filled the cell compartment completely, mak-
ing contact with the Co-side of the electrode. The electrode was poised at —1.4 V, upon which
H, gas bubble formation was observed. No changes were observed to electrodes held at this
potential. The H, bubbles were used as a mask for subsequent patterning (Figure S.1a). A binary
potential step procedure was employed, consisting of 1 s steps of 0.4 V and 1.3 V. Rings were

observed by optical microscopy (Figure S.1b and ¢).

(@)

Substrate

Redox active film Masked

Eletrolyte

Figure $.1. (a) Schematic of system used for patterning using an electrochemically generated
gas bubbles. A moving boundary is defined as metal is etched from under the bubble. (b) and
(c) Optical micrographs of rings made after applying 1-s step potentials of 0.4 V and 1.3 V. 20x

magnification.
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5.2.2 Patterning in a vertical configuration at a triple phase boundary

Substrates patterned using the emulsion method described in Part 4 are depicted in
Figure 5.2 at the contact line of solution. Bands, presumed to be Co oxide, were observed in this
region (Figure 5.3a), which become disordered towards the area unexposed by solution (Figure

5.3b). In order to gain more control over the process that formed these surface features, we

-

(a) (b)

}. R . :,,'

Figure 5.2. Patterning at the solution-air interface. (a) A samples patterned using the lacquer
emulsion method in Part 4. Round pattern in center is due to a lacquer bead. (b) Toward the
upper limit of patterning in the sample shown in (a). Pattern gradually becomes less defined.

20x magnification.

moved to a configuration where the velocity of the solution contact line could be precisely con-
trolled. Towards these ends, a Co-coated (250 nm) FTO substrate was mounted to the arm of a
dip coater, as depicted by the schematic in Figure 5.3. The sample was immersed at various rates,
although 6 mm/min (1 pm/s) was found to produce the most well-defined patterns. Potential
steps of 0.4 V and 1.3 V were applied as the sample was immersed. The area of the substrate ex-

posed to water became transparent, indicating the oxidation of Co (Figure 5.4b).
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Figure 5.3. Schematic illustrating operation of dip coater as utilized for electrochemically pat-
terning oxide over the surface of a substrate.

Optical microscopy revealed parallel ridges of oxide running orthogonal to the direction
of immersion (Figure 5.4c). Figure S.4c shows that the ridges are grouped in sets, forming bands

that are sometimes linked by one to two ridges running diagonally between them. The ridges

Figure 5.4. Co-coated FTO (a) before and (b) after being electrochemically patterned using
immersion to generate a moving boundary. Optical micrographs (20x) of the patterned surface
(c) at the center and (d) at the edge of the sample.
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become homogeneously spaced towards the edges of the sample (Figure 5.4d). This pattern is
consistent across the 4 cm length of the sample. SEM and EDS elemental maps inform that the
ridges are on the order of 1 pm-wide and are composed of Co and O (Figure 5.5 and Figure 5.6).

Co was removed between the ridges. Figure 5.6 informs that the bands are sets of approximately

10 ridges.

Figure 5.5. Ridges on patterned sample from Figure 5.3. (a) SEM of oxide ridges (grey), with

corresponding EDS elemental maps for Co (green), O (red), and Sn (blue). (b) Linear addition
of elemental EDS maps shown in (a).
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Figure 5.6. SEM micrograph from Figure 5.4 magnified 2.25 to show local ridge distribution.
(a) SEM of oxide ridges (grey), with corresponding EDS elemental maps for Co (green), O
(red), and Sn (blue). (b) Linear addition of elemental EDS maps shown in (a).

5.2.3 Optical and electrochemical characterization of the patterned samples
The transmittance and reflectance spectra of a sample electrochemically patterned by

immersion were measured using an integrating sphere compared to films of Co-OEC (Figure
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5.6). The patterned film has a similar transmission profile to that of a Co-OEC film formed by

passing 30 mC/cm? (Figure 5.7). However, the patterned sample has lower reflectance in the
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Figure 5.7. Integrating sphere (a) transmittance and (b) reflectance spectra for Co-OEC on
FTO and patterned electrochemically Co on FTO. FTO (=), 30 mC/cm?* CoPi (=), 150
mC/cm? CoPi (=), 250 mC/cm?* CoPi (=), 400 mC/cm?* CoPi (=), and patterned sample
(==) after anodization in KP; at 1 V (30 min).

visible than the 30 mC/cm? Co-OEC film (Figure S.7a). The reflectance spectra of the films and
the patterned sample exhibit oscillations indicative of thin film interference (Figure 5.7b).

The electrochemical behavior of the patterned sample was compared to the 30 mC/cm?
film of Co-OEC over the same surface area (1 cm?). The samples were held at 1 V. The
30 mC/cm? Co-OEC achieved a current density of 0.10 mA, while the patterned sample reached
steady state at 0.05S mA. After 20 hours of electrolysis, the sample was examined by optical mi-

croscopy. No change was observed to the oxide ridges.
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5.2.4 Determining cell potential

The voltage of the cell during patterning was determined by measuring the open circuit
potential between the working electrode (Co-coated FTO) and Pt-mesh counter electrode
(Figure 5.9). All cell voltages were generally constant during each 1 s potential step, with devia-
tions on the order of 10 mV. The lower voltage corresponding to the application of 0.4 V vs.
Ag/AgCl resulted in a cell voltage of 1.28 V + 10 mV. This drifted over the application of 200
steps to 1.25 V + 20 mV. The higher voltage (1.3 V vs. Ag/AgCl) resulted in a cell voltage of

221V£9mV.

J (mA/cm?)

Time (s)

Figure 5.8. Current-time profile for 30 mC/cm? Co-OEC (==) and the patterned sample above
(=) held at 1.0 V in KP;, pH 7.
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Figure 5.9. Potential-time traces for patterning a Co-coated (100 nm) FTO using a binary-
potential step method coupled with immersion (10 pm/s). (a) Applied voltage steps of 0.4 V
and 1.3 V vs. Ag/AgCl. (b) OCP-time trace vs. Pt counter electrode resulting from the poten-
tial-time trace in (a).
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5.3 Discussion

5.3.1 Electrochemically-generated, redox active moving boundaries

The transition from patterning under beads of lacquer to patterning under bubbles was
desirable since the patterning process, from metal film deposition to patterning, could be
achieved entirely through electrochemical methods. Thus, the fabrication process would be
composed of four voltage steps (deposition, gas generation, etching potential, and oxide-
forming potential). However, using bubbles as a mask presents multiple complications and re-
sulted in poorly formed patterns.

A bubble of gas on an electrode can define two possible moving boundaries. The first is
formed by the oxidation of the metal, as previously observed in the RIPPLE system. Pattern
formation is “inward,” similar to when patterning under a bead of lacquer, so that a metal’s etch
front is converging onto a point. The boundary is formed as metal is etched from between the
bubble and the substrate. The second moving boundary is the contact line defined by where the
gas bubble, electrolyte, and Co metal meet, which may deform as the Co metal is etched, leaving
behind a material (Co oxide or p-Si oxide). The new surface is likely to change the adhesion of
H, to the substrate, and therefore the contact angle of the bubble. Alternatively, solubilized H,
could be oxidized at the electrode, thereby driving the dissolution of H, from the bubble into
solution.'’ The latter decreases the volume of the H, in the bubble and therefore the footprint of
the bubble on the electrode. Ultimately, the velocity of the contact line of the bubble should de-
termine the rate of etching, since metal can be etched in a direction normal to the surface of the
substrate once it is exposed to solution. The grainy patterns observed in Figure 5.1 could be a

result of the bubble contact line moving faster than the etch front.

114



5.3.2 Electrochemical patterning using a dip coater method

While patterning substrates using the emulsion method in Part 4, it was observed that at
the region of the substrate where etching of metal ceased at approximately the solution-air inter-
face, parallel bands of oxide were formed (Figure 5.2a). These bands were relatively straight and
traversed the 1 cm-wide Si chip. We surmise that the bands were formed as solution advanced
up the Co-coated Si chip due to capillary action. At the upper limits of the etched area, the bands
narrowed, eventually “breaking,” resembling breaking waves (Figure 5.2b). At this point, a static
capillary surface is formed, where the stress tensor for Newtonian flow is the hydrostatic pres-
sure of the solution at the interface and is equal to the product of gravity and density of the elec-
trolyte plus an integration constant, as described by the Young-Laplace equation. Since the ve-
locity of the contact line is predicted to slow as the static surface forms, the bands of oxide be-
comes accordingly thinner. In addition, the contact angle of the solution decreases, limiting dif-
fusion of Co from the etch front, resulting in the less-resolved bands in Figure 5.3b as predicted
by the diffusion model presented in Part 3.

While the emulsion patterning method is simple, using round particulates, such as drop-
lets of lacquer, to mask the substrate is not ideal for patterning large areas uniformly, as the parti-
cles are limited by packing. In addition, discrete masks must either be distributed randomly, self-
assembled, or manually manipulated. The contact line of the triple-phase interface formed when
a substrate is submerged in a solution is an alternative moving boundary that could be utilized to
pattern substrates electrochemically. Toward these ends, we employed a dip coater to better
control the velocity of the triple-phase interface to improve patterning.

The dip coating system illustrated in Figure 5.3 presents a multitude of parameters, in-

cluding immersion speed, electrolyte composition (including the addition of surfactants), elec-
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trochemical step durations and potentials, and film thickness. This study only examines the
speed of immersion and the electrochemical step durations. While the static capillary surface has
been well described," the dynamic capillary surface (moving contact line) is poorly understood.
If the contact line velocity is low, however, the boundary conditions of the static surface are pre-
served. Here, we found an immersion rate of 0.6 mm/min (100 um/s) to produce best results
for patterning in terms of oxide ridge aspect ratio, with electrochemical step durations of 1 s.
The grouping of ridges observed in Figure 5.6 is speculated to be a result of surface tension. At
the peripheral of the substrate, the ridges become evenly spaced (Figure 5.4d). This may be ex-
plained by the different wettability of the FTO (Sn oxide) coating and the native Si oxide edges
of the substrate, which could cause an arching of the contact line. An arching of the contact line
is also predicted near the edges of a vertically oriented cuboid due to surface forces.'> While the
center of the contact line is extended forward, attracted to the high polarity of SnO, bonds, the
ends of the contact line are pulled forward. The center of the contact line is pinned to the surface
due to the adhesion of solution to FTO, and then springs upward against the direction of im-
mersion due to surface tension of the surrounding solution. The discrete motion and arching of
the contact line was observed during the experiment, and the upward-arching of oxide ridges is
also evident in the ridge shapes of Figure 5.4d.

The solution interface provides an ideal boundary for defining parallel lines. This ap-
proach affords a route for patterning large-scale areas with parallel, 1-D features of oxide. Future
research could examine how surfactants might improve the diffusion of Co from the substrate by
modifying the contact angle of the capillary surface. In addition, it may be of interest to control
the velocity of the contact line by controlling the volume of electrolyte using a mechanical sy-

ringe driver.
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5.3.3 Electrochemical and optical properties of patterned Co

Since the context of this study is improving an integrated PEC device by distributing
OER catalyst, it is important to measure the electrochemical and optical properties of the pat-
terned substrate. The results in this section are limited to preliminary measurements and do not
represent the full potential of this patterning technique for the purposes of catalyst distribution.
Rather, this section serves to outline the key measurements for a more rigorous study with the
end purpose of optimizing a strategy of patterning PEC surfaces for enhanced electrochemical
and optical properties.

The transmittance spectrum suggests that the patterned sample from 5.2.2 is compara-
ble to 30 mC/cm? Co-OEC (Figure 5.7a). However, the activity is only 50% that of the Co-
OEC (Figure 5.8). There are multiple possible explanations for this result. The electrochromic
effect of Co oxide has been well established,'*™"* and it has been observed that Co oxide slowly
bleaches over time. It is possible this is due to water vapor binding to the surface of Co-OEC and
inducing a redox reaction in the film. In the integrating sphere study, the patterned sample was
anodized within hours of the spectroscopy measurements, while the Co-OEC has been deposit-
ed in advance by days. Another possibility is that the Co-OEC generated during the patterning
process in 0.1 M K,SO, is distinguishable from the films deposited in 0.1 M KP;buffer, in either
or both its optical properties or its electrochemical properties.

In addition, the initial film was only 250 nm thick. It’s unlikely we would see an optical
improvement due to the “stacking” of Co at specific regions, namely the oxide ridges. Therefore,
this area of research is open to optimizing the dip coating method for patterning thicker films,
particularly electrodeposited films of metal. Furthermore, the identity of Co-OEC formed in the

presence of sulfate is an interesting question yet to be explored.
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5.3.4 Converting from a three-electrode configuration to a two-electrode configuration

Since a reference electrode has been used in the previous work, a three-electrode config-
uration is necessary in order to repeat any of the procedures mentioned. This limitation pre-
cludes simple two-electrode configurations suitable for affordable device manufacture. While
laboratory potentiostats are relatively inexpensive in terms of the benchtop setting, it is ineffi-
cient to use them where simpler electronics suffice.

In order to convert the three-electrode configuration to a two-electrode configuration,
the voltage between the working electrode and the counter electrode can be measured using an
open circuit potential-time technique. The resulting OCP-t plot is shown in Figure 5.9. The
square wave function is mostly maintained, meaning that a device that generates a square wave
function should be capable of patterning using the dip-coating technique.

To signify the affordability of our patterning method, a simple device for such that pur-
pose was designed using virtual circuit elements. The design is based on an inexpensive 555
Timer IC, the most popular integrated circuit in manufacture today. The device was constructed
on a breadboard and then constructed into a smaller device. Since the wave height, pulse width,
and amplitude can be modulated, this single device could be used to pattern an array of materi-
als, including Co and Ge, although trials have yet to be conducted. Regardless, the inexpensive
method for mask-less electrochemical patterning represents a significant advancement from ex-

pensive lithographic methods.
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Figure 5.10. Circuit diagram for a device for patterning using the triple-phase interface method.
Potentiometers govern wave height (right), pulse width (top left), and amplitude (bottom left).
Square wave circuit design elements adapted from Reference 16. Electrical output tested in cir-

cuit simulator.!”

5.4 Conclusion

Removing the resist requirement from the electrochemical patterning methods de-
scribed in this thesis is a rational strategy for reducing the cost and fabrication demands of pat-
terning by these methods. Substituting the mask with a gaseous boundary has been revealed as
useful for obviating lithography, although not without its complications. The bubble method is
distinct in that all steps, including film formation, can occur electrochemically. However, the
bubble patterning method has proven complicated and resulted in poor structures due to an in-
compatibility of boundary conditions. In contrast, the dip-coating method offers a simple and
scalable method for delivering flat-laying oxide ridges. Our understanding of how the three-

phase interface operates provides understanding into the formation of patterns generated using
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a binary-potential step method. Optimization is still required, especially for thicker films. Appli-
cations, including PEC and electronic fabrication, as well as cellular guidance scaffolds, have yet

to be demonstrated.

5.5 Experimental Methods

5.5.1 Substrate preparation

Samples prepared on Si substrates were fabricated by etching 4” p-type Si wafers (B-
doped, <100>, 1-10 Q-cm, Nova Electronic Materials) in 7:1 buffered oxide etch (BOE, J.T.
Baker) and rinsing with Type I water water 30 s immediately before use. Co thin films (250 and
100 nm) were grown by loading a recently-etched p-type Si 4” wafer and a crucible of Co metal
pellets (15” x 18” dia., 99.95%, Kurt J. Lesker) into the chamber of a Sharon electron beam vapor
deposition system. The chamber was evacuated to 1 pTorr. The crucible was gradually heated
over 1 h by slowly increasing the current until it reached 60 mA at 10 kV Co. A shutter was
opened to allow growth of a desired film thickness on the p-Si, while monitoring film growth
with a piezoelectric quartz crystal. Films of Co were also deposited into FTO (TEC) substrates

following this method.

5.5.2 General electrochemical methods

All electrochemical experiments were conducted using a CH Instruments 760D poten-
tiostat, a Pt-mesh counter electrode, and a BASi Ag/AgCl reference electrode (stored in saturat-
ed KCl). All electrochemical experiments were performed with a three-electrode setup within a

glass H-cell, except for samples prepared by dip coating, which used a 500 mL flask. All proce-
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dures were performed at ambient temperature (23 £ 1 °C). All potentials mentioned are refer-
enced to Ag/AgCl (saturated KCI). The electrolyte in all experiments was 0.1 M K,SO, (99.0%
min, Alfa Aesar) prepared using Type I water (EMD Millipore, 18.2 MQ-cm). For measur-

ing the OCP-t, a secondary potentiostat was used to reference the working electrode to

the Pt counter electrode.

5.5.3 Patterning under H, bubbles

A Co-coated (250 nm) Si substrate was placed on top of an H-cell, with the Co-coated
surface facing downward into the H-cell. The H-cell was filled with electrolyte until the Co-
coated surface was in contact with solution over the entire opening of the H-Cell, except for a
small opening at the side where the reference and counter electrode were situated. Care was tak-
en to arrange the setup so that the substrate was leveled and to ensure the counter electro was
not located directed below the substrate. A voltage of —~1.4 V was then applied to the substrate to
induce HER. After 20 s, the electrode was patterned by application of a binary-potential step
method composed of 200 steps of 0.4 V (1 s) and 1.3 V (1 s). The substrate was then removed

from solution and rinsed with Type 1 water.

5.5.4 Patterning at the solution-air interface

Co-coated (250 nm) Sx1 cm? FTO substrate was mounted to the arm of a dip coater
(QPI1-168, Qualtech Products Industry) so that the S cm? wrapping Parafilm around the top 1
cm portion of the substrate to insulate the Co from the arm clamp. The substrate was situated
over a 500 mL flask filled with 0.1 M K,SO.. A reference electrode and Pt mesh counter elec-

trode were placed in the solution, away from the path of the substrate. The working electrode
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was then fastened to the Co side through a hole made in the Parafilm. The sample was lowered
at various immersion rates until 4 cm had been immersed in solution. Potential steps of 0.4 V

and 1.3 V were concurrently applied during the immersion process.

5.5.5 Microscopy

Optical microscopy was performed using an Axio Scope.Al microscope in conjunction
with 20x and 5S0x objectives and an AxioCam ICc S (all components Carl Zeiss Microscopy).
SEM micrographs were acquired using the InLens and SE2 detectors on a Zeiss SupraSSVP
(Carl Zeiss AG) operating at 3 kV. EDS maps were acquired on an SEM operating at 14 kV with

60 pm aperture size and WD = 8.5 mm.

5.5.6 Integrating sphere spectroscopy

Integrating sphere spectrums were collected using a U-4100 spectrophotometer
equipped with an integrating sphere. The wavelength scan started at 2500 nm and ended at 400
nm at a scan speed of 300 nm/min and a sampling interval of 1 nm, except for the near IR (850

nm ), which was scanned at 750 nm/min.
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Part 6. Exploring the dynamics of the pre-catalyst for
oxygen evolving catalysts
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6.1 Introduction

As discussed in Part 1, there is a prevalent belief that an OER catalyst must possess a
triad of properties if it is to be used in a commercially viable energy storage device. Those prop-
erties are affordability (scalability), efficiency, and structural stability,' with emphasis on struc-
tural stability.> By referring to the “catalyst,” the literature is often actually referring to the
precatalyst. The presumed need for structural stability is translated from a need to access active
sites. This is typically achieved by situating a high concentration of precatalyst in close proximity
to (directly on) the electrode, thereby effectively decreasing the exchange current density of the
system. However, a prolonged steady state current for a given Faradaic process is typically the
end objective of in aiming to make a structurally stabile film.

Since thin films of metal oxides can tolerate the conditions of OER in neutral and basic
conditions, they are generally asserted as the state-of-the-art technology for OER catalysis. Metal
oxides, however, are usually unstable under acidic conditions, particularly while at open circuit.
Therefore, when trying to design an acid compatible system, oxide thin films are often precluded
by low pH. However, acidic conditions afford several important advantages. Certain PEC and
electrolyszer components, including Si photovoltaics and acidic proton exchange membranes,
are only stable at low pH.*” In addition, under acidic conditions, precatalysts tend not to form
insoluble precipitates. (Conversely, in neutral phosphate buffer, Co-OEC, for example, slowly
dissolves while at open circuit and the resulting Co®" precipitates as insoluble CoPO,, which
cannot be re-deposited onto the electrode.) Thus, at low pH, even if a precatalyst does diffuse
away from the electrode, the catalyst can be retrieved from the precatalyst’s stable form without

having to further alter the system.
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In Part 6, we challenge the notion that a practical precatalyst film must have structural
stability that prevents it from dissolving to form a metal aquo or salt complex. We begin by ana-
lyzing the dynamics of patterned Co-OEC under catalytic OER conditions. We then induce mi-
gration of the precatalyst by operating the catalyst at low-pH regimes, where structural stability
of the precatalyst is diminished. Surprisingly, the dissolved precatalysts are still active towards
OER. This implies that functional stability is distinct from structural stability, and at low pH, the
Co-OEC’s functional stability is dependent on geometrical parameters (namely, cell volume and
electrode surface area). The observation that a catalyst’s ability to perform OER is significantly
dependent on the precatalyst’s concentration inspires a Fe-based system for high overpotential,
high efficiency catalysis. The Fe-system has important characteristics needed to fulfill the role of
a competitive energy-capture system. These properties will be discussed below.

The results in Part 6 are of particular importance to this thesis. “Dynamic” catalysts may
not be paramount to the field of OER catalysis, which has relied heavily on thin film systems.
However, they offer a new view on OER catalysis, which contrasts from the conventional view
that high catalytic activity of an oxidized, non-noble metal catalyst is dependent on the stability
of a solid film. This is indeed true for systems where the reservoir of the active species is limited
in quantity (for instance, because of cost constraints). In OER catalysis, where stable metal oxy-
hydroxide films have been promoted as competitive catalysts almost exclusively, soluble metal
species (the metal’s form traditionally associated with catalyst instability and inactivity) have the
potential to provide a competitive alternative to thin film OER catalysts, especially under acidic

conditions.
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6.2 Results
6.2.1 Co-OEC migration

For a Co-OEC deposited in phosphate buffer (CoP;), we examined dissolution of Co
from the electrode to solution over the course of catalysis. CoP; was deposited on a working
electrode (E1). The CoP:-coated electrode was then held at a potential for 72 hr. Co was ex-
tracted from the solution in situ using a second working electrode (E2) poised at 0.85 V to en-
sure formation of Co** while avoiding labile Co** species predicted in the CoP; OER catalytic
cycle (Figure 6.1a). After 72 hr, the amount of Co* was measured using an electrochemical ti-
tration method by poising E2 at 1 V (Figure 6.1b). The catalytic current density at 1 V is propor-

tional to the amount of Co on the electrode.
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Figure 6.1. (a) Schematic of four-electrode configuration. The first electrode (E1) is 1 cm?
FTO loaded with 30 mC CoP.. The second electrode (E2) is 1 cm? FTO. E2 is held at 0.85 in
both experiments. Electrolysis proceeds for 72 hr. (b) OER currents for E1 and E2. For the ex-
periment where E1 is poised at 1 V: E1 before electrolysis (==), E1 after electrolysis (==), E2
after collection (==). For the experiment where E1 is at open circuit potential: E1 before elec-

trolysis (=), E1 after electrolysis (=), and E2 after collection (~). FTO (dashed ~) repre-
sents E2 before.
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For the control electrode held at 1 V, the steady state current at 1 V after 72 hr electroly-
sis was 0.1944 mA/cm?, a slight drop of 4% from the original current of 0.2022 mA/cm?*. The
corresponding E2 electrode for this experiment produced a steady state current of 2.112x107®
A/cm?, only 0.01% of the original current density generated by E1 prior to 72 hr electrolysis.
The electrode left at open circuit for 72 hr operated at 0.1376 mA/cm’, representing a current
density loss of 28%.

We next examined local migration across the surface of an electrode. Micro-disks (50
um dia.) of CoP; were deposited on masked FTO slides (Figure 6.2). The mask was removed
and the electrode was examined before and after 24 hr at 1 V with and without stirring. Samples
were then removed, rinsed with Type 1 (18 MQ) water, and inspected by SEM and EDS (Fig-
ure 6.3). No change was observed in disk shape nor was Co detected in the FTO electrode
background field. However, in the case of stirring only, a precipitate formed around the perime-
ter of the circle, which contained a significant amount of P, as evident by EDS. The precipitate

did not contain a detectable quantity of Co.

Figure 6.2. Fabrication of CoP; micro-discs on FTO: 1. Resist is spin-coated over film. 2. Holes
(50 pm dia) are made in the resist using lithography. 3. CoP: is electrochemically deposited into
holes in resist. 4. Resist is stripped off. (bottom left inset) Optical micrograph of CoP; micro-disc.
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Figure 6.3. Circle of 150 mC/cm? CoP; on 1 cm? square section of FTO before (left column)
and after, 24 hr electrolysis at 1 V in KP; buffer (pH 7) without (center column) and with (right
column) stirring 24 hr. Rows correspond to SEM (grey), Co (cyan), P (yellow), O (green), and
Sn (magenta).
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6.2.2 Co-OEC under acidic conditions

Cyclic voltammograms were conducted in various concentrations of Co*" and various

pHs using FTO electrodes (Figure 6.4). A catalytic wave is observed at each pH. At higher pH

(a)

(b)

2
(o] 23
2
4
£ [ £
o B o
i :
S 8fF S
10
12
'14-| PR U | 1
20 1.5 1.0 0.5 0.0
EN
(d) (e)
2
[o] 2
2k
4
§ sf 5
: g
S 8F S
0k
12k
R N TP T 1
2.0 15 1.0 0.5 0.0
EN

(9)

JimA cm®

(c)

2
[0] 2
2
4
| o
s 5
[ £
8l =
10k
12
14 1 1. 1 1
20 1.5 1.0 0.5 0.0
EN
2
opF /—
2k
A
6 “e
L S
8 <é
10 -
12
4
-6 1 1 1 1
2.0 15 1.0 0.5 0.0
E/NV
o —
2k
4
s
8l
1 i 1 i 1 " 1 i 1
20 1.5 1.0 0.5 0.0
EN

1 1 1 1 1
20 1.5 1.0 0.5 0.0
EN
[ ] ] 1 1
20 1.5 1.0 0.5 0.0
EN

Figure 6.4. CVs at various [ Co?*] and pHs using FTO electrodes (1 cm?). [Co**]: 0 mM (==),
1 mM (~), 10 mM (=) and 100 mM (=). (a) pH 2.5, (b) pH 3.0, (c) pH 3.5, (d) pH 4.0, (e)
pH 4.5, (f) pH 5.0, and (g) pH S.5.
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(5.0-5.5), this wave is preceded by a prewave, which shifts anodically as pH decreases, eventually
disappearing below pH 5.0. At each pH, higher concentrations of Co** correspond with larger
currents. The catalytic wave also shifts as pH is decreased. A Pourbaix diagram is plotted for the
catalytic wave in Figure 6.5. Two regions are present at pH 2.5-4 and pH 4-5.5 with slopes of

118 mV and 15 mV, respectively.
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Figure 6.5. Pourbaix diagram for 1 mM Co?". E corresponds to a current density of S mA/cm®
The blue line is a linear fit for pH 2.5-4 and has a slope of -118 mV/pH.

Upon closer inspection, a “micro-prewave” is observed preceding the catalytic wave and the
prewave feature from pH 5.5 (Figure 6.6a). This wave is notably smaller than the typical deposi-
tion wave. This wave shifts by ~120 mV/pH (Figure 6.6b). The micro-prewave is dependent on
Co*" insomuch as 1 mM is necessary to observe the peak, but beyond 1 mM Co*', the peak does

not shift in potential. The micro-prewave corresponds to a small wave on the FTO background
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Figure 6.6. Expanded views of micro-prewaves for 1 mM Co?*. pHs: 5.5 (=), 5.0 (=), 10 mM
(=) and 100 mM (==).100 mM (==).100 mM (==).100 mM (==). (a) Enlarged current scale
of pH composite from Figure 6.4 showing micro-prewave (10 pA/cm?) (b) Forward scans of
micro-prewaves shifted by 120pH V to highlight pH dependence. Current and potential scales
reversed for clarity of increase. Note prewave (==) rising at left of catalytic waves.
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Figure 6.7. Expanded view of Figure 6.3c (pH 3.5) illustrating Co dependence of micro-
prewave. [Co**]: 0 mM (==), 1 mM (~), 10 mM (==).
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Figure 6.8. Bulk electrolysis with FTO electrode at 1.3 V, KP; (pH 2.5), 1 mM Co?".

mM Co*") trace. Poising the electrode at the micro-prewave (0.78 V — 120 mV x pH) results in
a current profile on the order of microamps, immediately following a steep drop that approaches

nanoamps within S s (Figure 6.7).

6.2.3 Dissolution of CoP:; films in 0.1 M H;PO,

Studies were undertaken to explore the relationship between cell geometry and the
steady state current of CoP; under acidic conditions (pH 2.0). Films of 250 mC/cm? were set to
a potential before being exposed to solution. The working electrodes were then quickly lowered
into two solutions with volumes differing by an order of magnitude and allowed to reach steady
state (Figure 6.9). The films immediately began to dissolve from the electrodes, as apparent
from observation of the FTO. In the current-time trace, three regions of current were observed:
i. a sudden decrease in current in the beginning followed by an immediate increase in current

with a duration that was inversely proportional to the cell volume, ii. an exponential decrease in
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Figure 6.9. (a) Current profile for a 100mC/cm? CoP; film immersed in 0.1 M H;PO, while
operating at 1.8 V. Cell volumes compared are 4 mL (=) and 40 mL (==). FTO without CoP;
operating at identical conditions in a 40 mL cell is provided for reference (=). (b) An expanded

view of steady state currents observed in (a). No stirring was used. Cells contain two identical

compartments separated by a frit.

Table 6.1. Co analysis for CoP; distribution between the electrode and electrolyte at low pH.

E(V) pH Sample description* Amount of Co Theor. comparison”
- - Control: 250 mC film 2.59x107% mol/cm? 99.9%
1.8 7 Control: 40 mL Wk 2.06x107 M
1.8 7 Control: 40 mL Ct 1.12x107"M
1.8 2 250 mC film 7.40x107® mol/cm?
1.8 2 40 mL Wk 5.89x10° M
1.8 2 40 mL Ct 3.98x107 M
1.8 2 Total 2.44x107° mol 94.3%
1.8 2 250 mC film 6.84x10® mol/cm?
1.8 2 4 mL Wk 541x10* M
1.8 2 4 mL Ct 4.48x10°M
1.8 2 Total 2.41x107° mol 93.0%
ocCP 2 250 mC film 1.81x107 mol/cm?
OCP 2 40 mL Wk 6.67x10° M
OocCP 2 40 mL Ct 1.46x10°M
ocCP 2 Total 2.91x10°mol 111%

“Solutions from working and counter compartments denoted by Wk and Ct, respectively. Totals = electrode (film)
+ Wk + Ct. * Theoretical comparison for the control film measurement was calculated from charge passed, C, and
the Faraday constant, F, following C/F. Theoretical comparisons of totals are the ratio of summed Co collected to
C/F value. A standard deviation of 10.8% was calculated from deviation of the three cell totals.
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current as predicted by the Nersnt relationship, and iii. steady state current. The steady state
current in the 4 mL cell was larger than the 40 mL cell, although not as large as expected, with
the ratio in current density between the 4 mL cell and 40 mL cell being 1.6 at 2 hr and 1.4 at 4 hr.

At the end of the experiments, the electrodes were removed from solution with the
potential still being applied. This allowed the electric field to be maintained until the electrode
was out of solution, as a measure to maintain the amount of Co on the electrode that was present
during electrolysis. The electrode was then washed with concentrated HCI, forming a blue
CoCly* species that can be measured accurately by UV-Vis spectrometry.® Similarly, solutions
from the working compartment and counter compartment were freeze dried and the precipitates
were dissolved in concentrated HCIL The results of this experiment are outlined in Table 6.1.
Note the standard deviation of 10.8%. Similar to our scaling analysis from Part 4, this analysis
does not seek precision results (<10% error), since the cell volume ratios are an order of magni-
tude different. For quantification at the electrode, the results are more precise since there is less
surface area, such as the porous frit in the cell. Ratios of interest for discussion are as follows.
First, the electrode from the 40 mL cell, E4oumr, and the electrode from the 4 mL cell, E4 ., had
similar loadings of Co (E4mi/Esom = 0.92). Hence, at 1.8 V, the solution of the 40 mL cell
(Wiom) has approximately an order of magnitude lower [Co?*] than the solution of the 4 mL
cell (Wymp). The catalytic current at steady state, however, did not reflect this difference in
[Co**], but were instead comparable. In addition, the electrode held at OCP retained more Co
than either of the 1 V electrodes.

The Faradaic efficiency of this experiment was resolved utilizing a fluorescent O, probe
(Figure 6.10). A trace for evolved O, matches the profile of a theoretical amount of O, evolved

as calculated from charge passed. However, the detection of O, is delayed. Furthermore, after
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electrolysis was ended at 2.5 hr, there was an immediate increase in O,. Bubbles were also ob-
served on the electrode, which were detached with stirring. As stirring proceeded, there was a
gradual increase in O, until reaching a plateau at 6 hr. The O average at the plateau (6-10 hr)

implied that OER accounted for the total charge passed (101.0 % + 4.8 %).
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Figure 6.10. O, probe data for 250mC/cm? CoP; film immersed in 8 mL 0.1 M H;PO, while
operating at 1.8 V. Measured O, (==) and theoretical O, calculated from charge passed (=).
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6.2.4 Exploring Fe acid-stable OER catalysts
6.2.4.1 Iron(III) nitrate

Fe(NO3); was examined as a dynamic OER precatalyst. A solution of was prepared by
adding Fe(NOs); to 0.1 M HNO:. Since the pH scales with concentration of [Fe®] dissolved
(see 6.3.4), [Fe(NO;);] was limited to 0.2 M for pH 3.0. Electrolysis was then performed using
an FTO electrode. Tafel analysis revealed three regimes of distinct Tafel behavior (Figure 6.11).
At low overpotentials, the Tafel slope is effectively infinite. At 0.6 V, there is a shift to a 56

mV/dec slope, which continues to the third region, where a variable Tafel slope is calculated
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Figure 6.11. Tafel plot for 0.2 M Fe(III)(NOs); (pH 3) with iR subtraction from 1 (®) and
without iR compensation (®). Lines fit to uncompensated data from 10*~10*! A () and
10+'-1072 A (-) exhibit Tafel slopes of 56 mV/dec and 325 mV/dec. Overpotential scale cal-
culated for OER in pH 3 and referenced to NHE.
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depending on the resistance value used for iR compensation. At the limit of the Tafel slope (ap-
plied overpotentials >1.1 V), the current drops an order of magnitude (Figure 6.12, not included
in Tafel plot). This was accompanied by a pungent odor and an increase in resistance as meas-
ured by the potentiostat. Using a multimeter, it was determined that the FTO retained its con-
ductivity (R = ~20 Q). Likewise, the Pt counter electrode maintained its conductivity. The con-
ductivity across the solution, however, had dropped significantly, as measured across the cell

from the working electrode to counter electrode.
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Figure 6.12. Current trace of 0.2 M Fe(NOs); at 2.0 V, corresponding to upper limit of Tafel
plot in Figure 6.11.

6.2.4.2 Fe(III) acetate
A solution Fe(III) acetate (Fe(H3C:0.);) was obtained by saturating SO mL with 1 g
Fe(H;C,0,)s, which produced an opaque, brick-red solution. Filtering the solution through a

0.2 pm filter resulted in a transparent solution that was dark red in color.
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Fe(H;C,0,)3, also known as “basic iron,” does not decrease the pH significantly when
added to water. However, Fe(H;C,0,); is limited in solubility to about 0.2 M (as verified by
UV-Vis measurements), and therefore, [Fe**] is not appreciably increased upon saturating the
solution with Fe(H;C,0,); as compared to the resulting [Fe**] from Fe(NO;); at pH 3. A Tafel
analysis at high overpotentials (>600 mV) was performed (Figure 6.13). During electrolysis, a
film was not observed on the FTO electrode, even at potentials exceeding 2 V. The resistance of
the FTO was preserved after electrolysis (20 Q). Fe(H;C,0,); displayed a steep (>2.5 V/dec)

Tafel slope until the overpotential for OER reached approximately 700 mV. At this point, the
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Figure 6.13. Tafel plot for 0.2 M Fe(H;C,0.); (pH 3) without stirring and withough iR com-
pensation (®), with stirring and iR compensated for measured resistance (Rero+Reotuion) (©) and
compensated only for FTO (Rero ~20 Q) (®). Linear fit for iR uncompensated data from
1034-107"* A () exhibits a Tafel slopes of 26 mV/dec. FTO (©) and IrOx (©) data for refer-
ence. IrOx data acquired in pH 1 and corrected for pH 3 assuming 60 mV/pH Nerstian shift.
Overpotential scale calculated for OER in pH 3 and referenced to NHE. IrOx data from

Reference 9.
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slope decreased to ~267 mV/dec. At regions beyond 900 mV overpotential, the Tafel slope was
highly dependent on the Ohmic drop due to large current density.

Since the Tafel slope is highly dependent on resistance, it was necessary to confirm the
measured resistance of the potentiostat. A CV method for achieving resistance was used to verify
the instrument’s measurement.'® In this instance, R of the Fe(H;C,0,); solution-filled cell was
measured as 40.0 Q. CVs were conducted at a potential range where minimal Faradaic current
was observed (Figure 6.14). The compensated resistance, which operates as a positive feedback
loop, was gradually increased for consecutive CVs, until the current observed is purely from the
double layer capacitance, in which the onset of current sharply increases so that the current pro-
file becomes rectangular. In addition, oscillatory behavior becomes notice as the compensated
resistance is increased due to the positive feedback loop of the instrument. Here, this is achieved

at 40 Q.Immediately beyond 40 Q, the oscillations dramatically increase.
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Figure 6.14. CV for 0.2 M Fe(H;C,0.); at 10 V/s. iR compensation set to 0 Q (=), 10 Q
(=), 20 Q (=), 30 Q (=), 40 Q (=), and 41 Q (==). Note: solution resistance varies with

each setup.
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The Faradaic efficiency for OER at high overpotentials in Fe(H;C,0); was examined
using a fluorescent O, probe (Figure 6.15a). The current (~1 mA) was relatively stable over 24

hours, as indicative by the slope of the black line. From the fluorescent probe data, we calculated
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Figure 6.15. OER Faradaic efficiency measurements for Fe(H;C,0,); at high current densities.
(a) O; evolved at 1.75 V as measured by fluorescent probe 1.75 V (==) and O; evolved assum-

ing 100% Faradaic efficiency of charge passed (==). (b) Faradaic efficiency measured by gas
chromatography.
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a yield of 94%. However, measuring O, evolution at this current density proved challenging due
to a solution shift between compartments caused by a pressure differential across the cell. To
remedy the pressure issue, we moved to a previously described gas-flow technique that measures
O, using gas chromatography (GC)."" Across the potential range of 0.80-1.35 V, we observed
Faradaic efficiencies near unity (Figure 6.15b).

The catalytic species was investigated by using in situ UV-Vis spectroscopy (Spec-
Echem). The solution was significantly diluted to diminish the Fe(H;C,0.); absorbance, which
otherwise saturated the spectrometer. In addition, gas evolution caused a shifting of the baseline,
but did not appear to cause further distortions. The spectra were corrected by normalizing to a

flat region near 700 nm. The electrolysis was performed at 1.8 V over 20 min, with spectra being
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Figure 6.16. In situ UV-Vis spectrum for dilute (~0.01 M) Fe(H;C,0,); in 0.1 M HNO; oper-
ating at 1.8 V. Spectra normalized to 700 nm (not shown). Note shoulder at 275-320 nm and

feature at 520-560 nm characteristic of FeQ4>.!>!3
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acquired every 200 s. A general bleaching at 450 nm was observed, while a distinct feature ap-
peared at 520-560 nm. A shoulder also appeared between 275-320 nm.
6.2.4.3 Fe(I1I) and Fe(II) sulfate

Upon addition of 1 g Fe»(SO4)s to S0 mL 0.1 M H,SO4, a milky, pale blue solution was
formed, with the majority Fe»(SO4); remaining undissolved. It was determined that this solution
would not be suitable for electrochemistry, since only a small amount of Fe** was in solution.
(As discussed below, an Fe catalyst will only be practical at high concentrations.) An alternative
method to generating a soluble Fe,(SO4); solution was attempted. 1 g of FeSO, was dissolved in
0.1 M K,SO4, which formed a light blue solution. H,O, was then added drop-wise until the solu-
tion went from light blue to dark brown, indicative of Fe**. The Fe,(SO4); system is under ongo-

ing electrochemical studies.

6.3 Discussion

6.3.1 Evaluating the dynamics of CoP; under catalytic conditions.

The dynamic motion of Co oxide during electrolysis is pertinent to the preservation of
oxide features on the surface of an electrode and is therefore critical to the patterning methods
discussed in the foregoing studies. In Part 2, Co patterned by RIPPLE appeared to disperse uni-
formly across the sample during electrolysis. The sample patterned by the dip coating method in
Part S, however, preserved its features after electrolysis. There remains the question of the de-
gree to which Co-OEC migrates or dissolves during catalysis. In addition, the idea of catalyst

movement is also relevant to understanding the stability of a catalyst.*'*
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As indicated by in situ electrochemical titration, CoP; leaches into solution at detectable
levels at neutral pH, but does not dissolve under catalytic conditions (Figure 6.1b). Further-
more, from our micro-disc study, it appears that the CoP; precatalyst does not migrate across the
electrode or distort in shape. Both these results indicate that CoP; has a static surface during
electrolysis, even in the presence of a proximal electric field. Thus, at neutral pH, the CoP; struc-
ture appears to be robust. These deductions imply some interesting ideas that challenge the un-
derstanding of self-healing in the field of OER.

In previous studies, Co was believed to constantly dissolve out of the precatalyst film as
Co?*, which was assumed to continuously redeposit onto the electrode." This assumption is un-
derstandable, given that the proposed mechanism for catalysis invokes a Co** intermediate, so
the catalyst must go through a presumably labile Co** species with each turnover (Figure 6.17,
edge site at top). Consequently, catalytic conditions should accelerate the dissolution of Co** as
compared to open circuit potential, where Co** leached from a CoP; film has previously been
detected in solution (Figure 6.17 arrow A). However, the likely mechanism for dissolution at
open circuit (Co**-Co* disproportionation) and the electron transfers that occur as CoP; cycles
through Co** to the precatalytic Co* occur at radically different time scales (as evident by the
rate of OCP dissolution as compared to the rate/current of catalysis). In addition, multiple pro-
tons must be transferred to O atoms surrounding Co to release it from the CoP; structure, mak-
ing Co*" dissolution kinetically hindered, except at low pH. These results thus reveal an addi-
tional pathway, C, which the precatalyst can take to bypass dissolution. While this distinct op-
tion in pathways has previously been recognized and discussed only in a modeling study,'¢ it is

worth mentioning that the model was originally jointly constructed for the purposes of explain-
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ing these results. Hence, the concept of a static CoP; catalyst is new to the field and a direct result
of the efforts of this work.

Though we have gained an understanding through this work regarding the dynamics of
CoP;, the inconsistency still remains regarding the result in Part 2 in which Co oxide formed a
homogenous film over the patterned surface under catalytic and neutral (pH 7) conditions
(Figure 2.11). We can explain the formation of a homogenous Co oxide film from the dissolu-
tion and redeposition of Co from the unpatterened metal, which surrounded the Co RIPPLE

patterns. Still, the migration observed here is unexpected, since the dissolution of Co** for

Co’ — Co’* followed by Co** — Co*" appears akin to Co* — Co** followed by

Co** — Co*". This result may suggest that the key to whether Co** takes the dissolution path-
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Figure 6.17. Mechanism for CoP; adapted from Reference 17, with additional pathways A, B,
and C.
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way or not (A to B vs. C) lies not within the ET rate between Co centers, but rather in the struc-
tural environment of Co**, and in particular, the intricate oxyhydroxide network surrounding
each Co*" center in CoP:.. Whereas Co’ is free to dissolve into solution as a Co** aquo complex
upon oxidation, Co** in CoP; is bound to the surface by y*~O bonding. The difference in kinetics
could be a result in the chemical requirements for hydrolysis of Co*": for Co** derived from Co’,
H,O is readily available to hydrolyze the metal (55 M), whereas for Co** derived from the oxo-
Co*" framework, H* concentration is relatively small (107). This last detail further challenges
established ideas in the field of OER, particularly that self-exchange rates imply that the hole-
transfer from Co*" is simply too fast for a Co** atom to ever leave the surface of an electrode.
Since Co° is the electrode (extended solid) and the electrode potential determines the driving
energy for electron transfer, hole self-exchange for Co**/Co° should occur at the same rate (if
not faster, given the lack of reorganizational energy) than Co**/Co™.

The static CoP; mechanism also challenges the idea of self-healing. When the Co-OEC
is referred to as “renewing” itself or “a self-healing catalyst,” it implies there is an extra repair pro-
cess, beyond the regeneration cycle that defines all catalysts as catalytic, in which the precatalyst
is re-deposited onto the electrode. However, from these results, it is apparent that Co-OEC is
never separated from the electrode during OER under neutral conditions, nor does it move from
its initial point of deposition, even in the presence of a proximal electric field. Hence, the self-
healing catalyst does not “continually heal” itself during operation, because there is no need; the

film structure remains intact.
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6.3.2 Studying CoP; under dynamic conditions
A truly self-healing catalyst may be achieved during catalysis under acidic conditions.
For CoP,, this process is predicted in part by its Pourbaix diagram (Figure 6.18). The “crossover

region,” where the deposition potential is predicted to exceed OER, is where the catalyst’s
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Figure 6.18. Pourbaix diagram for a CoPi film operating at 30 pA, illustrating third and first or-
der proton dependence for deposition (®) and OER (@), respectively. Note the predicted
crossover region at pH 5.5, where the red line for OER crosses the green line extrapolated for

deposition. Data from References 18 and 22.

environment will have sufficiently more protons available to facilitate Co** dissolution. Previous
studies have explored CoP; and other OECs in quasi-stable regions of the Pourbaix diagram.'**°
Stahl et al. have investigated this system, finding that Pourbaix behavior governs the stability of
catalysis. Here, we present a similar independent study of CoP; under acidic conditions.

An obvious, but important observation is that OER can indeed be catalyzed by CoP;

even beyond the crossover point (pH 5.5). In fact, the film forms at low pH. This is evident in
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work by Stahl et al. and in the CVs from Figure 6.4, which show OER being catalyzed by
Co-OEC. A common misconception is that OER will proceed before CoP; deposition can occur,
thereby preventing deposition of the precatalyst at low pH. However, the electrokinetic investi-
gation of OER under acidic conditions in the presence of Co*" suggests otherwise; as pH de-
creases, OER begins to take on the proton dependence of Co-OEC film deposition, implying
that the processes now occur concurrently. Thus, the proton dependence of OER is intertwined
with that of Co-OEC deposition under acidic conditions. Note that we refer to the catalyst as
Co-OEC here and not CoP:. As the study by Stahl ef al. points out, the catalyst changes from
CoO:H to CoO,, which is also predicted by the Pourbaix diagram.*' The reaction equilibrium
for Co* to CoO; involves four protons from two water molecules for every two electrons, result-
ing in the 118 mV/dec Tafel slope (Figure 6.4). It is unintuitive that as the pH decreases, the
Co-OEC structure formed includes fewer protons per CoO,. The reason is that the Co center
takes on a higher oxidation state at the potential necessary to shift the equilibrium away from
Co*".** We can anticipate that this catalyst is similar to CoP;, though, since CoQ, is analogous to
the “unit” of the CoP; “lattice” (a sheet of cubic edges can be formed with staggered CoO,
units). As a consequence of the Pourbaix crossover, the dependence of OER on pH is increased
by its dependence on film formation, while the dependence of film formation on pH is de-
creased by changing to a catalyst that is more bonded to the O atoms than Co-OEC at lower po-
tentials. This CoO, catalyst can be found across all pHs at higher overpotential, according to the
Pourbaix diagram, but its unclear what advantages, if any, a CoO, catalyst would have under
neutral or basic conditions.

The dependence of Co-OEC activity on [Co**] at low pH is also predicted by the Pour-

baix diagram. This manifests in Figure 6.3 as an increase in current profile with increased [ Co**].
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This phenomenon implies two interesting hypotheses. The first is that an active, acid-stable
catalyst can be designed by increasing the concentration of the precatalyst. This has been

1."* and forms the principle basis for the studies discussed in the en-

demonstrated by Symes et a
suing sections. The second postulation is the dependence of a catalyst’s stability in acid condi-
tions on cell geometry. Thus, an electrochemical cell could be physically engineered to increase
the acid stability of a precatalyst film deposited under neutral conditions. The latter is a yet-
unexplored concept and is absent from the literature, with the exception of the aforementioned
modeling study, which was developed through these investigational efforts.'®

Towards these ends, we have examined the distributions of Co on electrodes and in so-
lution for CoP; operated in 0.1 H;PO, (Figure 6.9). As predicted by the CoO,/Co*" equilibrium,
the electrode operated in the smaller 4 mL cell has a higher current density than the equivalent
system operated in a 40 mL cell, which demonstrates the notion of engineered stability. Faradaic
efficiency measurements indicate that the activity is mostly due to OER (Figure 6.10). However,
the current density ratio between the two systems appears to deviate from a first order depend-
ency of Co in solution or on the electrode (Table 6.1). The solution Co concentration in the
4 mL cell, being approximately an order of magnitude greater than in the 40 mL cell, would sug-
gest heterogeneous catalysis. On the other hand, the ratio of measured Co from the electrodes is
near unity, which implies that any difference in activity is a result of Co in solution.

In addition, we observed a delay in OER from electrolysis, notably at the onset of hy-
drodynamic agitation by stirring post-electrolysis. Symes et al. has proposed this arises due to O,
being released by film dissolution and an outgassing process, while the study by Stahl et al. in 0.1
M HCIO, suggests the catalytic decomposition of H,O, on Co. A third possibility yet to be ex-

plored is the oxidation of water due to Co-OEC dissolution through the disproportionation of
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Co*/Co*". As Co* is generated, it can immediately catalyze OER, resulting in Co?* dissolution.
In other words, the dissolution of Co*" from the electrode by disproportionation requires an
electron source, which is presumably water.

The observation of OER by Co-OEC under acidic conditions also presents the issue of a
proton-accepting species. While KP; does act as buffer at pH 2.2, the proton concentration may
be sufficiently large to inhibit proton acceptance from the Co-OEC.* An alternative to efficient
proton acceptance by KP; is the Grotthus mechanism, which entails transfer of protons through
a hydrogen-bonding network, where the pH is low.” The identification of the proton transfer
mechanism at low pH, as well as the dependency on Co-OEC on [Co*] in acid, are potential

avenues for future studies.

6.3.3 CoP; deposition onto an FTO electrode

Our low-pH Co-OEC studies may provide insight into the deposition process of Co-
OEC onto an FTO electrode. The detection of a small prewave, referred to in 6.2.2 as the micro-
prewave, before the onset of the precatalytic prewave attributed to Co-OEC deposition in pH
5.5, appears to be related to the deposition process of Co onto FTO. Precatalytic features were
observed in the work of Stahl et al., though they were excluded as possible surface reactions since
they occurred in the presence of Co;O, nanoparticles. While Co3;O, particles may serve to cata-
lyze Co-OEC deposition, they may not preclude the deposition of Co uniformly across the elec-
trode at surface sites uncoated by Co3;0.. Since the micro-prewave exhibits a behavior distinct
from Co-to-Co deposition, we desired to further investigate this feature.

The 120 mV shift of the micro-prewave per pH implies a second order dependence on

protons, while no shift is observed as [Co**] increases from 1 mM to 100 mM. However, the
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micro-prewave does increases in current as a function of [Co**] (Figure 6.6), and is not observ-
able in the absence of [Co*] (Figure 6.8). Therefore, we surmise [ Co**] plays an important an-
cillary role in the process governing the micro-prewave. The binary dependence on [Co*'], as
well as the depletion of a Faradaic process at the micro-prewave’s potential (Figure 6.8), leads us
to believe the prewave corresponds to a surface deposition process. This is in line with the corre-
lation between the minor feature noticed on FTO in the absence of Co (Figure 6.7), as well as
the small current associated with this feature. We propose that the micro-prewave is a surface
process with a rate-limited step consisting of the transfer of two protons from hydroxide sites on
the FTO’s surface. In the presence of Co*, the hydroxide sites serve as bonding sites to facilitate
Co deposition. The second order dependence implies that two surface protons must be re-
moved per Co*, signifying that Co-OEC has two bonds per Co site to the surface of the elec-
trode. As surface sites are occupied, the wave quickly diminishes. This process thus prepares the
electrode surface for the deposition of Co?*, thereby catalyzing and determining the structure of

subsequent Co-OEC formation.

6.3.4 Assessing materials as dynamic precatalysts for an acid-stable electrolysis system
This section will elaborate on how we arrive at the Fe precatalysts in Sections 6.2.4—
6.2.6. This work, as well as the work of others,'*° suggests that stable precatalysts can be formed
in acidic conditions under adequate conditions, specifically a sufficient electrode potential and
favorable equilibrium. Thus, while decreasing the volume of the cell stabilizes a dynamic cata-
lyst, so does increasing the concentration of the precatalytic species.
As discussed in Part 1, cost is an important factor in realizing a scalable energy storage

system. A problem with the increased-concentration strategy is the amount of precatalytic spe-
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cies necessary to drive the equilibrium towards the catalytic species. In the case of Co-OEC, for
instance, the amount of Co must increase from on the order of 1 pmol used to deposit a film (see
Table 6.1) to 1 M (the change in units is because the latter system is volume-dependent). Thus,
a simple 100 mL cell increases the demand and cost of Co five orders of magnitude compared to
thin films.

While Co is not a rare metal, the cost associated with saturation of electrolyte is prohibi-
tive in the context of scalability. In addition, despite much of this work involving Co, the price of
Co has quadrupled in the last two years, purportedly due to the demand in electric car batter-
ies.”* Demand for such batteries is anticipated to increase with the demand for electric vehicles.
Therefore, the only way to achieve a scalable catalyst with this strategy is to select an affordable
and abundant metal. Table 6.2 lists metals by prices.

The price chart of commodity metals illustrates that the ideal choice (by almost two or-
ders of magnitude) is Fe. The low price of Fe is at least in part due to its abundance, being the
most abundant transition metal in the Earth’s crust.”® There have been several studies on stable

8,26-29

Fe thin films catalysts and Symes et al. attempted to make a concentrated Fe OER catalyst,

although with no success.”
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Table 6.2. Commodity base and precious metal prices as of April 2018. Data from Reference 30.

Metal Cost/kg
Rhodium $71,959
Gold $46,890
Iridium $35,979
Palladium $33,743
Platinum $33,018
Ruthenium $7,584
Silver $580
Tantalite Ore $159
Cobalt $93.74
Ferro Vanadium $35.20
Ferro Tungsten $31.40
Molybdenum Oxide $25.99
Tin $21.12
Nickel $13.25
Copper $6.68
Ferro Titanium $4.90
Zinc $3.33
Ferro Chrome $2.80
Lead $2.40
Magnesium $2.25
Manganese $2.04
Aluminum $2.01
Iron Ore Pellets $0.05
Iron Ore Fines $0.04

To determine what conditions may promote an Fe OER catalyst, we examine the Pour-
baix diagram of Fe (Figure 6.19). For pH 0-4, only Fe°, Fe**, and Fe*" are available at moderate
potentials. Above ~1.7 V, Fe(VI) is formed as ferrate (FeO,*"), following Equation 6.1,

Fe’* 4H,0 — [FeO,]|* + 8H'+ 3¢, (Eqé6.1)

which follows the Nernstian relationship,

[FeO,]*
Fe3+

E°=1.700 V - 158mV pH log (Eq6.2)
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Figure 6.20. Pourbaix diagram for Fe in water, 25 °C. Colors indicate theoretical conditions
for solid Fe (green) and soluble (red). FeO.>, a species of interest for OER catalysts, is labeled
in yellow. Arrow represents equilibrium shifting as [Fe*] increases from 0.1 mM to 1 M.
Dashed lines mark H,/H* equilibrium (bottom) and H,O/O, (top). Data from Reference 21.
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There is a substantial body of work regarding the chemical behavior of FeO,*", with in-
terest in the space of wastewater treatment where FeO,> is utilized industrially as an oxi-
dant.'#1331-3% FeQ,* has a tetrahedral structure (Figure 6.20a).* Under acidic conditions, FeO,*-
forms a bi-ferrate molecule, which can undergo inter-molecular oxo-coupling (Figure
6.20b) 31323 At low pH, FeO.* spontaneously decomposes according to the reaction,

2[H,FeO,]**— 4Fe’" + 8H,0 + 30, (Eq6.3)

It is known that the addition of potassium ferrate to water results in the evolution of ox-
ygen.” Spontaneous O, evolution is also observed for CoP; at low pH, where dissolution of the

precatalyst results in O, formation.

(a) (b)

o 2— 0 0 2+ 0—0 2+
| o (| e
Fez=.
07 . O / Yo7\ / Yo~ \
- HO OH HO OH

Figure 6.20. (a) Tetrahedral structure of ferrate. (b) Bi-ferrate structure formed under acidic

conditions.

With a target species in mind that is in equilibrium with Fe*', the next step is to select a
soluble Fe species to serve as the precatalyst. As discussed above, the solubility limit of the
precatalyst will determine the favorability of the catalytic species. Fe*" salts are an alternative Fe
source, but since the ultimate species will have a redox state greater than Fe**, and since Fe** will
be the thermodynamically favorable state under at open circuit potential in the presence of O,,
we decided to limit our search to Fe* salts. Some options for Fe precatalysts are listed in Table
6.3. Unfortunately, many Fe®* salts are insoluble in water, but route provides a strategy for

designing an acid-stable Fe OER system.
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Table 6.3. Fe(III) Salts Solubility Table. Data from Reference 40.

Fe(I1I) compound Solubility (g/100g H,O) Notes
Iron(III) acetate, basic insoluble in H>O, acid
Iron(III) 2,4-pentanediote soluble in H,O
Iron(III) arsenate dihydreate - insoluble H,O, soluble in dilute acid
Iron(III) bromide 4S5S no entry
Iron(III) chloride 91.2 no entry
Iron(III) chloride hexahydrate 91.2 no entry
Iron(III) chromate insoluble in H,O, soluble in acid
Iron(III) citrate pentahydrate soluble in H,O
Iron(I1I) dichromate - soluble in H,O and acid
Iron(III) ferrocyanide 5.92 insoluble in H»O, dilute acids
Iron(III) fluoride 5.92 no entry
Iron(III) fluoride trihydrate no entry
Iron(I1I) formate soluble in H,O
Iron(III) hydroxide no entry
Iron(III) hydroxide oxide - insoluble in H>O, soluble in acid
Iron(III) nitrate 82.5 no entry
Iron(III) nitrate hexahydrate 82.5 no entry
Iron(III) nitrate nonahydrate 82.5 no entry
Iron(III) oxalate soluble in H,O and acid
Iron(III) oxide insoluble in H,O, soluble in acid
Iron(III) phosphate dihydrate insoluble in H>O, soluble in HCI
Iron(III) pyrophosphate nonahydrate insoluble in H>O, soluble in acid
Iron(III) hypophosphite - insoluble H.O
Iron(III) sodium pyrophosphate - insoluble in H>O, soluble in HCI
Iron(III) sulfate 440 no entry
Iron(III) sulfate nonahydrate 440 no entry
Iron(III) biocyanate monohydrate - soluble in H,O

Iron(I11) metavanadate

6.3.4.1 Fe(III) nitrate

insoluble in H>O, soluble in acid

After considering numerous Fe precatalyst candidates, we investigated Fe(NO3); due to

its solubility. A challenge with designing an Fe*" solution for OER is the relationship between

[Fe**] and the pH, and in turn, the redox potential for OER, as described qualitatively,

[Fe3+] & PH_1 x Eopr
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This relationship is due to the decrease in pH incurred by the acidic nature of Fe*, which hydro-
lyzes water. It is therefore necessary to remain below 0.2 M Fe(NO3); to yield a pH of 3.
Electrolysis of 0.2 M Fe(NOs); at high overpotentials resulted in promising activity
(Figure 6.11). (We discuss the curved Tafel in the proceeding section.) However, at an applied
potential of 2.0 V, there was a substantial loss in activity, presumably from the oxidation of elec-
trolyte (Figure 6.12), as suggested by an increase in resistance across the solution. The oxidation
of nitrate to evolve nitrogen dioxide is a likely reaction that resulted in loss in electrolyte. It is
known that NO;™ can be oxidized at highly anodic potentials to NO," or N,Os, which eventually
decomposes to highly toxic NO,.* The threefold ratio of NOs™ to Fe probably shifts the NO;"
/NO,* redox potential so that oxidation of NOs™ can occur at a greater rate. The oxidation po-
tential determining the stability of the electrolyte therefore represents another consideration in a
electrolysis system designed to operate at a large overpotential. A straightforward remedy to this
issue is substituting a portion of NO;™ with another electrolyte, thereby shifting the oxidation

NOs™ to a higher potential. This is achieved in the Fe(H;C,0.); system as discussed in 6.3.6.

6.3.4.2 Fe(III) acetate

Fe(H;C10.)s, known as basic iron, is used to generate non-acid solutions of Fe*". Not-
withstanding, the solubility of Fe(H;C,0.); is limited, which is what gives rise to the lower pH.
Fe(H;C,0,); was previously used as a stable thin film OER catalyst near pH 5.* It is reported to
form a tri-nuclear oxo cluster in solutions of acetic acid.” Table 6.3 lists Fe(H;C,0,); as insolu-
ble; however, using the filtration method described above, we were able to produce a very dark
solution that were determined by UV-Vis spectrometry to contain 0.2 M in Fe with a measured

pH of 3. We have yet to identify the soluble species.
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Upon our Tafel analysis, the Fe(H;C,0,); solution produces large steady-state values
that were sustained at a lower limit of 1-2 hr (Figure 6.13). No loss in current was observed be-
yond 2.0 V. However, at high overpotentials, the Tafel analysis was complicated by resistance
issues. The large current results in a potentially significant influence from the Ohmic drop. For
instance, using the instrument-measured resistance, we obtained a negative Tafel slope, while a
lower limit in resistance produced a Tafel slope of 30 mV/dec. We were thus inclined to verify
the instrument-measured resistance.

Using a CV method,'’ the uncompensated resistance, Ry, can be accurately determined
from analysis of the double layer charging current, i.. In a region absent of current caused by Far-

adaic processes, the double layer charging current is determined by

i.= -Cyqv [l—exp (— Rutcd)] (6.5)

where Cq is double layer charging capacitance, v is the scan rate, and t is time. The relationship
between the cell resistance, R, and Ry, yields a “critical value” at their equivalence,

AR, =R,-R,=0 (6.6)
where R. can be determined from the profile of the CV. As R, approaches R., i. becomes deter-
mined by the double layer capacitance, and the wave becomes rectangular. Beyond this critical
value, oscillatory behaviors arises due to the bandpass limitations of the operation amplifiers
used to generate the positive feedback compensation of the Ohmic drop. The results from CV
measurements indicate that the potentiostat resistance measurement is accurate (6.14).

In light of our confidence in the value of R. at open circuit potential, there are two ex-
planations for the negative Tafel slope. In one scenario, the reaction forms a species at low cur-

rent at the onset of the higher potential, which can then operate at lower potential more effi-
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ciently than the species available at lower potentials prior to application of high potential. Such a
species would be thermodynamically unstable, but perhaps persists due to the slow kinetics of
decomposition. More likely, though, the negative Tafel slope can be explained by a change in the
resistance. This occurs in the absence of supporting electrolyte, or when an active species partic-
ipates in the double layer. Because Fe(H;C,0,); is in high concentration, it will likely be an im-
portant component in diffusion and charge transport. Therefore, a reaction involving could re-
sult in a change in resistance. Experiments are ongoing to identify the cause. Regardless, a R.
value of 20 €, approximately the resistance of FTO, can be substituted for the measured re-
sistance as a lower limit.® This results in a Tafel slope of ~26 mV/dec, is still surprising low. The
sustained high current density is attributed to the homogenous nature of the Fe(H;C,0.); sys-
tem, which allows the high concentration of active sites to be continuously replenished, as acti-
vated Fe(H;C;0,); is transported away from the electrode. However, preliminary results indi-
cate that current density is not mass transport limited at moderate overpotential. Kinetic studies
will ultimately be necessary to determine the role of mass transport.

The Faradaic efficiency measurements illustrate that activity is approximately only due
to OER (Figure 6.15). At high overpotential, we would anticipate CO, evolution from the oxida-
tion of acetate. However, current is maintained, so electrolyte is not being significantly con-
sumed. It is possible that a Fe(H3C,0,); cluster is responsible for stabilizing acetate in solution,
although there is work to be done in analyzing the solution species. H,O, or other high-energy
intermediates are also possible, and decomposition of H,O; catalyzed by Fe(H;C,0,); will have
to be ruled out in future work.

In an effort to observe the active species, Spec-Echem was utilized (Figure 6.15). A

shoulder at 275-320 nm and a feature at 510-560 is indicative of FeO,*". In addition, bleaching
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at 450 nm is observed. This may be caused as the red-orange Fe(H;C,0.)s is converted to red-
violet FeO,*". The results are consistent with the formation of a steady state concentration of
ferrate-like catalyst. We conclude that the Fe(H;C,0,); system should continue to be investi-

gated as a possible source for a new variety of acid-stable molecular OER catalyst.

6.3.4.3 Fe(I1I) and Fe(II) sulfate

Fe,(SO.); offers an alternative source of Fe**. However, it must be prepared from FeSO4
in order to be solubilized. We speculate this is due to Fe** possessing SO,* in the inner coordi-
nation sphere. Since the ligand exchange rate is slow, hydration (and therefore dissolution) oc-
curs on a very slow timescale. Conversely, when the FeSO, is introduced into solution, an Fe**
aquo complex is readily formed. Fe hydrolysis is preserved, even after oxidation to Fe** with
H,O,. This system presents an alternative to Fe(H;C,0:); and Fe(NOs)s;, but investigation into

its electrochemical behavior is ongoing.

6.3.5 Towards engineering a competitive OER system

The concept of a soluble metal salt possessing functional stability toward high-current
OER challenges fundamental conventions in the field of OER catalysis. In almost all contempo-
rary electrochemical studies, the geometric surface area is used as a metric for predicting the effi-
ciency, character, or otherwise prospect-for-success of a heterogeneous catalyst. This is because
in these systems, the precatalyst must be condensed to the electrode surface in order to mini-
mize its cost while optimizing accessible active sites. Even still, the idea of activity as a function
of geometric surface area is always a falsehood, since many precatalysts can extend significantly

away from the electrode, and all precatalysts at least have a z-height from the electrode. For the
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Fe system, however, geometric surface area of the electrode is a poor indicator of competitive-
ness as an energy storage system. On the other hand, using molarity would assume that the Fe
precatalyst species, let alone the Fe catalytic species, is stable enough to diffuse away from the
electrode to form a homogenous concentration in solution. In any case, Fe, as one of the most
affordable materials on the market, can be saturated in solution at a cost that is still competitive
with other commodity base metals. Thus, once a conductive material is designed that can with-
stand the acidic and oxidizing potential, such as an FTO sponge, ** Fe possesses a real prospect

of serving as a competitive catalysis for energy storage applications.

6.4 Conclusion

Much of our dynamic precatalyst research is ongoing work. Nonetheless, some im-
portant results are discussed. Our work leads us to believe that CoP; is a static catalyst that does
not undergo continuous self-healing under OER conditions. This leads to the realization of op-
tional pathways for Co-OEC to take in order to bypass dissolution. Moreover, the stability of
CoP; in neutral conditions appears to be the result of its environment, pointing to the role of O-
binding in the catalyst film. We also gain insight into how the Co-OEC assembles on the surface
of FTO.

Studies at low pH have revealed the importance of cell geometry considerations in pro-
curing acid-stability in OER precatalyst films that are deposited at neutral pH. As such, the
chemical stability of a film and thoughtful cell design (engineering) appear to be intertwined.
The alternative to this strategy is to increase the precatalyst species. This has led to a new class of

Fe-based acid-stable OER precatalysts that are dynamic in nature. The precatalyst structures and
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active sites of these catalysts are of great interest in ongoing research efforts.

In OER, like all forms of catalysis, the currency of activity is the active site, and often, the
active sites determine the efficiency of the system. The Fe system proposed here is unique in
that it offers a high concentration of active sites using a scalable material. With that advantage,
the geometric surface area metric of previous studies loses its significance, and assuming a high-
surface area electrode can be fabricated, then the exchange current density of the Fe system in-
creases, along with the efficiency of the system. We again find that the system’s electrochemical

performance can be improved by prudent engineering.

6.5 Experimental Methods

6.5.1 General electrochemical methods

All electrochemical experiments were conducted using a CH Instruments 760D bipo-
tentiostat, a Pt-mesh counter electrode, and a BASi Ag/AgCl reference electrode (stored in satu-
rated KCI). All electrochemical experiments were performed with a three-electrode setup and at
ambient temperature (23 + 1 °C). All potentials mentioned are referenced to Ag/AgCl (saturat-
ed KCI). Overpotentials for OER were calculated by correcting for resistance (E — iR, unless
otherwise noted), correcting for a shift of —-59 mV/pH, and converting the potential reference to
Normal Hydrogen Electrode (+0.197 mV) for comparison with literature redox potential values.
0.1 M electrolyte solutions were prepared from KH,PO, (99.0%, Alfa Aesar), H;PO, (85 wt. %,
>99.999% trace, Sigma Aldrich) K;SO4, (99.0%, Alfa Aesar), and HNO; (70 wt. %, >99.999%

trace metal, Sigma Aldrich).
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For pH 2.5-5.5 KP; solutions, the pH of was adjusted by varying the ratio between 0.1
M H;PO, and 0.1 M KH,PO,. The pH was measured using a VWR pH probe. For KPi pH 7

buffer, KOH pellets were added to 0.1 M KH,PO..

6.5.3 Co-OEC precatalyst preparation

Electrodes were prepared by defining a 1 cm X 1 cm square surface on FTO using 3M
Kapton tape. Films of CoP; catalyst were deposited at 0.85 V in 0.5 mM Co?" solutions made
from Co(NOs3) (99.999% trace metals, Sigma Aldrich) and 0.1 M K KPi, pH 7.
To fabricate S0 ym disks of CoP;, FT O was first coated with S1805 photoresist at 4000 rpm for
4§ s. Samples were baked at 115 °C for 2 min. 50 ym diameter circular openings were exposed
over the surface using a Heidelberg yPGS01 photowriter. Samples were developed in CD-26 for
3 min and washed thoroughly with water. CoP; was then deposited into the circular openings
following the deposition procedure above. Resists were removed with acetone and the sub-
strates were rinsed with Type 1 water.
0.2 M Fe(NOs3); was prepared by saturating 10 mL Type 1 H,O with 11 g Fe(NOs); (99.999%
trace metal, Sigma Aldrich), then diluting the solution to pH 3. The concentration of Fe(NO;);
was determined using UV-Vis analysis (comparing to known concentrations of Fe(NO3); in
concentrated HCI).

Fe(H;C,0,); catalysts were prepared by dissolving 1 g Fe (99.6%, ChemSavers) in S0
mL 0.1 M HNOs. (Nitric acid was necessary to obtain a pH of 3.) The solutions were filtered
using a 0.2 um pore filter (Corning). 0.2 M Fe(II)S; was prepared by adding FeSO. (99.999%
trace metal, Sigma Aldrich) to 0.1 M H,SO.. 0.2 M Fe(III)S; was prepared by adding Fe»(SO.);

(99.999% trace metal, Alfa Aesar) to 0.1 M K;SO,. The solution was then oxidized by adding 1
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mL H,O; (30% wt., Sigma Aldrich), allowing excess H,O, to decompose for 48 hr. Since this
procedure produces a dilute Piranha acid, it was necessary to use acid-washed glassware vials,

whereas other solutions were prepared in S0 mL centrifuge tube (Falcon).

6.5.4 Detecting Co migration using a four-electrode configuration

100 mC/cm?* CoP; films were deposited on FTO. The CoPi-coated electrode (E1), a
second electrode (E2), and the reference electrode were both suspended in a S0 mL 0.1 M KPi
solution (pH 7) in a 50 mL working compartmented separated by a frit from S0 mL counter
compartment filled with 40 mL of the same solution. E2 was held at a potential for 72 hr. Co
was extracted from the solution in situ using a second working electrode (E2) poised at 0.85 V to
ensure formation of Co*". Co®" was then measured on the electrodes by poising electrodes at 1

V. The solution was stirred with a stir bar rotating at ~200 rpm.

6.5.5 Spectrometric quantification of Co

Co and Fe concentrations were analyzed by dissolving the metal salts in concentrated HCI. The
spectra of the HCI solutions were measured using a Cary 5000 UV-Vis spectrophotometer.
Spectra of the HCI solutions were compared to titration curves measured from absorbance in-
tensity of solutions ranging from 0-1 mM, with 20 uM increments. Intensities used for Co and

Fe were the peak maximums at 691 nm and 362 nm, respectively.

6.5.6 O, measurements
An Ocean Optics oxygen sensor was utilized for measuring O, evolved in an air-tight

cell. Calculations for O, were made following the Stern-Volmer relationship. The solution and
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headspace were purged with N, for an hour and the sensor was placed in the headspace. Elec-
trolysis was performed at 1.0 V (vs. Ag/AgCl) in 0.1 M KPO, (pH 7.0) for 10 h.

Gas chromatography utilized a custom-built, two-compartment electrochemical cell, in
which an Ar carrier gas flowed from the cell to the thermal conductivity equipped GC (SRI In-
strument). The flow pressure was set to 0.12 psi. Peaks were integrated and compared to the

charge passed to determine the Faradaic efficiency.

6.5.7 In situ electrochemical UV-Vis spectroscopy

Spec-Echem spectra were taken of a diluted solution of Fe(H;C,0,); using a DT-Mini-2-GS
ocean optics UV-Vis Spectrophotometer in a 1 mm path-length cuvette using a flag mesh Pt
working electrode. Electrolysis at 1.8 V was run for 20 min. The reference electrode and Pt wire
counter electrode were suspended in solution above the working electrode. Spectra were col-

lected every 200 s.

6.5.8 Microscopy

Field emission SEM was performed with a Zeiss SupraSSVP with InLens and SE2 detec-
tors (Carl Zeiss AG) operating at 3 kV. EDS maps were acquired on an SEM operating at 7 kV
with 60 pm aperture size and WD = 8.5 mm. Optical microscopy was performed using an Axio
Scope.Al microscope with a S0x objective and an AxioCam ICc S (all components Carl Zeiss

Microscopy).
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