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Abstract

Electrochemical energy storage and conversion devices are important for the
application of sustainable clean energies in the next decades. However, the slow kinetics
of oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) lead to great
energy loss in many electrochemical energy devices, including polymer electrolyte
membrane fuel cells (PEMFCs), water splitting electrolyzers, and rechargeable metal-air
batteries, which hampers the development of new-energy applications such as electric
vehicles. To increase the energy efficiency of ORR and OER processes, various catalysts
have been studied for oxygen electrocatalysis, but they are still not active enough or not
stable enough in developing commercial friendly electrochemical devices.

In this work, systematic studies have been applied on two catalyst systems: Pt-metal
(Pt-M) alloys for ORR and perovskite oxides for OER. The combination of
electrochemical characterizations with transmission electron microscopy (TEM)
techniques provides deeper insights on how the basic physical and chemical properties
could influence the stability and activity of the catalysts. For Pt-M ORR catalysts, it is
found that using transition metal with more positive dissolution potential or forming
protective Pt-rich shell by mild acid treatment can improve their stability in acid
electrolyte. While for perovskite oxide OER catalysts, it is found that a closer distance
between O 2p-band and Fermi level leads to higher activity but lower stability at pH 7,
due to the activation of lattice oxygen sites. Moreover, with the help of environmental
TEM techniques, structural oscillations are observed on perovskite oxides in the presence
of water and electron radiation, caused by the oxygen evolution after water uptake into
the oxide lattice. Such structural oscillation is greatly suppressed if the formation and
mobility of lattice oxygen vacancy is hampered. The various new activity and stability
descriptors for oxygen electrocatalysis found in this work not only provided practical
guidelines for designing new ORR or OER catalysts, but also improved our fundamental
understandings of the interactions between catalysts and electrolyte.

Thesis Supervisor: Yang Shao-Horn
Gail E. Kendall Professor of Mechanical Engineering,

Professor of Materials Science and Engineering
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List of Figures

Figure 1-1. The role of energy storage and conversion is to bridge the gap between
the renewable energy sources and user demands, including power grids and

electric vehicles.

Figure 1-2. The voltage vs. the power density during the water splitting (blue) and
fuel cell working (red) processes, respectively. The slow kinetics in the OER
and ORR caused major energy loss in many energy storage and conversion

Pprocesses.

Figure 1-3. Some activity descriptors for ORR and OER discovered previously.
With the sequence from left to right, the ORR descriptor plots are adapted from
Ref. 45, 46, 47 and 43; while the OER descriptors are adapted from Ref. 44, 48,
29 and 28.

Figure 2-1. Eujoy VS. Viigsowe Of various Pt-M alloys. The values of Viigone (M &
Mn" + n ) were taken from the CRC handbook.”” The values of Eg,, shown
as black solid circles were taken from Ref.47, while the values for £, shown

as blue open circles were evaluated from studies of Pt alloy phase diagrams.”"”
78

Figure 2-2. (a) The average particle diameter change of Pt-M particles during cyclic
tests (black: as-received; grey: after 100 cycles; light grey: after 1200 cycles.
This is the same as in (b), (¢) and (d)). The error bars represent the standard
deviation of the mean of particle size distribution (more than 100 particles for
each sample were measured). (b) The transmission metal (M) composition of
the Pt-M nanoparticles before and after voltage cycling in atomic percent, as
evaluated by EDS using spectra of three different areas (with diameters ~ 200
nm) contacting over 100 particles. The error bars represent the standard
deviation of chemical composition measurements at different EDS areas. The
horizontal black line marked 50% atomic composition of M. (¢) The surface
area calculated using TEM images (TSA). The error bars comes from the

standard deviation of EDS results. (d) The ESA calculated from hydrogen
9



adsorption/desorption peaks of CV curves. The error bars represent the standard

deviation of the ESA measurements.

Figure 2-3. TEM images of Pt-M nanoparticles, including as-received samples and

samples after 100 and 1200 cycles in acid electrolyte.

Figure 2-4. Histograms of particle size distributions for as-received and after-cycled
Pt-M nanoparticles. The particle sizes were evaluated by HRTEM images.

More than 100 particles were measured in each of the panel above.

Figure 2-5. Transition metal loss after 1200 cycles (green) and the specific ORR
activity of as-received Pt-M catalysts (red). Here the transition metal loss was

defined as the metal composition change from Figure 2-2b.

Figure 2-6. (a)(b) Representative CO stripping curves of Pt-Co and Pt-Pd, with large
and small change in onset voltage after 1000 cycles, respectively (black: as-
prepared, dark grey: cycled 100 times, and light grey: cycled 1000 times). (c)
The CO stripping onset voltage change of Pt-M particles during cyclic tests
(black: as-received; grey: after 100 cycles; light grey: after 1000 cycles). Here
the standard deviation of three different measurements for each alloy is used to
represent the uncertainty of the onset voltage. (d) Onset voltage shift for CO
stripping after 1000 cycles (green) and the specific ORR activity of as-received
Pt-M catalysts (red). Here the onset voltage shift was defined as Vigoo-cycled —Vas-

received in (C)

Figure 2-7. (a) and (b) Representative ORR curves of as-received Pt-Fe and Pt-Pd
nanoparticles under different rotation speeds, respectively. (c) Specific and (d)
mass oxygen reduction activities of the Pt-M nanoparticles at 0.9 V vs. RHE
and room temperature in 0.1 M HCIO;4 (black: as-prepared, dark grey: cycled
100 times, and light grey: cycled 1200 times). Here the standard deviation of
three different measurements for each alloy is used to represent the uncertainty
of the mean of activity. The activity of pure Pt nanoparticles of comparable
particle sizes before voltage cycling is marked as black horizontal lines in (c)

and (d).
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Figure 3-1. Particle size distribution of (a) pristine P1 and (b) pristine P2 particles.
More than 100 particles of each sample were measured to calculated the
average of particle diameter (da,e) and the standard deviation of particle size

distribution (o).

Figure 3-2. Schematic of the Pt-Ni nanoparticles treated in different conditions. The
precursors were either treated in (1) 1 M nitric acid at 70 °C for 24 h in air (P1-
NA and P2-NA) or (2) 0.5 M sulfuric acid at 80 °C for 24 h in nitrogen (P2-
SA). After the dealloying, some P2-SA catalysts were thermally annealed at
400 °C for 4 hin 5 % H, and 95% N,, marked as P2-SA-AN.

Figure 3-3. (a) Fuel cell polarization curves of P1-NA and P2-NA cathodes at
different aging stages (conditioned and 30k-cycled), and of conditioned Pt as a
reference. The catalyst loadings were 0.1 and 0.4 mgp/cm® for the dealloyed
PtNi and commercial Pt catalysts, respectively. (b) Specific activity and (c)
mass activity of the Pt-Ni catalysts. The activities were measured at 0.9 V vs.
RHE, where dark grey, light grey and white represent conditioned, 10k-cycled
and 30k-cycled MEA, respectively. From (a) to (c) the error bars represent the
standard deviations of activity measurements among at least 4 MEAs for each
sample. (d) The end-of-life (EOL, 30k-cycled MEA) vs. beginning-of-life
(BOL, conditioned MEA) mass activity for catalysts from this work and from
previous work on MEAs: 3M NSTF PtCoMn, NSTF Pt;Ni;,”* Pt3Co/CNC and
Pt,Ni/CNC,” Supplier Pt Alloy and pure Pt.*>> The solid and dash horizontal
lines in (b) and the red star and the green square regions represent the DOE
2017 PEMFC cathode catalyst targets for BOL mass activity (0.44 A/mgp,) and
EOL mass activity (0.26 A/mgp,),** respectively.

Figure 3-4. (a) EPMA-determined Ni concentrations, where black, dark grey, and
white represent pristine CCM, conditioned and 30k-cycled MEA, respectively.
(b) and (c) The average Ni concentrations determined by EPMA plotted against
the mass and specific activities of the MEAs, respectively. (Dark grey:
conditioned; white: 30k-cycled.) From (a) to (c), the activity error bars
represent the standard deviation of activity measurements among at least 4
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MEA samples, while the Ni-content error bars represent the standard deviation
of EMPA measurements among at least 3 different locations. (d) TEM-
determined mean particle size from different MEAs, where black, dark grey
and white represent pristine CCM, conditioned MEA and 30k-cycled MEA,
respectively. For each sample over 100 particles were measured to get the

average size, while the error bars represent the standard deviation.

Figure 3-5. Bright-Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM
images with point-mode EDS (right) from catalyst particles taken from pristine
CCMs. (a) and (b) P1-NA, (c) and (d) P2-NA, (e) and (f) P2-SA, (g) and (h)
P2-SA-AN. Here o represents the standard deviation of PSD from at least 100
measurements and the standard deviation of EDS results among 3 different
locations. The insert on the top right corner is the HRTEM image of a

nanoparticle with a diameter of ~5 nm that clearly shows porosity from CCM.

Figure 3-6. Bright Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM
images with point mode EDS (right) for catalysts taken from conditioned MEA.
(a)(b) P1-NA, (c)(d) P2-NA, (e)(f) P2-SA, (g)(h) P2-SA-AN. Here ¢ represents
the standard deviation of PSD from at least 100 measurements and the standard

deviation of EDS results among 3 different locations.

Figure 3-7. Bright-Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM
images with point-mode EDS (right) for catalyst particles taken from 30k-
cycled MEAs. (a) and (b) P1-NA, (c) and (d) P2-NA, (e) and (f) P2-SA, (g) and
(h) P2-SA-AN. Here o represents the standard deviation of PSD from at least
100 measurements and the standard deviation of EDS results among 3 different

locations.

Figure 4-1. Electrochemical measurements of the LCO OER activity. (a)(d) CV

experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments
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at various current densities. (c)(f) Potentiostatic experiments at various

voltages. (a)-(c) was measured at pH 13, while (d)-(f) was measured at pH 7.

Figure 4-2. Electrochemical measurements of the LNO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments
at various current densities. (c)(f) Potentiostatic experiments at various

voltages. (a)-(c) was measured at pH 13, while (d)-(f) was measured at pH 7.

Figure 4-3. Electrochemical measurements of the LMO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments
at various current densities. (c)(f) Potentiostatic experiments at various

voltages. (a)-(c) was measured at pH 13, while (d)-(f) was measured at pH 7.

Figure 4-4. Electrochemical measurements of the LFO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments
at various current densities. (c)(f) Potentiostatic experiments at various

voltages. (a)-(c) was measured at pH 13, while (d)-(f) was measured at pH 7.

Figure 4-5. (a) Tafel plots of LNO, LCO, BSCF and PBCO at pH 7 and 13, obtained
from galvanostatic measurements. (b) The O 2p-band center trend at pH 7 of
selected oxides at 5 pA/cm’y,. (c) The O 2p-band center trend at pH 13 at 5
nA/cm’y. The horizontal lines in (b) and (c) represent the activity of IrO, at 5
nA/cm’,. Here O 2p-band positions were calculated using DTE. All activities
were obtained from galvanostatic measurements after 2 h. The error bars in

above figures represent the standard deviation of multiple measurements.

Figure 4-6. OER activity vs. e, electron filling at 5 nA/cm’, under pH 7 and 13.
Two “volcano plots” can be found, with much lower activities at pH 7. Those
materials with quota marks in the names are the catalysts that are not stable at 5
nA/cm?®o, at pH 7. The horizontal lines represent the activity of IrO, at 5

nA/cm’y. The black lines are only for eye guidance.

Figure 4-7. (a) TEM images and (b) EDS-determined chemical compositions of
LCO in pristine state and operated at 0 (soaking), 5 and 50 pA/cm’ for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.
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Figure 4-8. (a) TEM images and (b) EDS-determined chemical compositions of
LNO in pristine state and operated at 0 (soaking), 5 and 50 pA/cm’ for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-9. (a) TEM images and (b) EDS-determined chemical compositions of
LMO in pristine state and operated at 0 (soaking), 5 and 50 pA/cm?, for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-10. (a) TEM images and (b) EDS-determined chemical compositions of
LFO in pristine state and operated at 0 (soaking), 5 and 50 pA/cm’, for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-11. (a) TEM images and (b) EDS-determined chemical compositions of
PBCO in pristine state and operated at 0 (soaking), 1 and 5 pA/cm? for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-12. (a) TEM images and (b) EDS-determined chemical compositions of
BSCF in pristine state and operated at 0 (soaking), 1, 5 and 50 pA/cm?y for 2 h

at pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-13. (a) TEM images and (b) EDS-determined chemical compositions of
SCO in pristine state and operated at 0 (soaking), 1 and 5 pA/cm?, for 2 h at

pH 7. The error bars in (b) represent the standard deviation of multiple spots.

Figure 4-14. Pourbaix diagram of the Co-La-O(H) system predicted by DFT (data
from materialsproject.org). Dashed lines indicate Hy/H" and H,0/O,. Co and

La cation concentrations were assumed to be 10° M in the electrolytes.

Figure 4-15. Pourbaix diagram of the Pr-Ba-Co-O(H) system predicted by DFT
(data from materialsproject.org). Dashed lines indicate Hy/H" and H,0/O,. Pr,

Co and Ba cation concentrations were assumed to be 10° M in the electrolytes.

Figure 4-16. The computed DFT leaching reaction energies of (a) La leaching and
(b) Co leaching in LCO at various La vacancy concentration (x) and Co
vacancy concentration (y), at applied potential of 1.23 V (blue), 1.75 V (red),
and 2.33 V (green) vs. RHE at pH 7.
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Figure 5-1. (a) TEM images of BSCF in BSCF (chamber pressure < 10° Torr, e-
beam dose rate of 1450 ¢/A’s) (b) TEM images of BSCF in O, gas (80 mTorr
0,, e-beam dose rate of 500 e/A”s).

Figure 5-2. (a) TEM images and EDP from a pristine BSCF particle (Particle A). (b)
TEM images and EDP from BSCF in the HV, following the structural
oscillations. EDP were collected from the entire particle. (c) Images extracted
from a video of the structural oscillations, in mild conditions (30 mTorr H,O, e-
beam dose rate of 1 ¢/A’s). (d) Images extracted from a video of the structural
oscillations obtained in a harsher condition (50 mTorr H,O, e-beam dose rate of
10 ¢/A%s). The blue dashed lines in (c¢) and (d) are guides to help in the
comparison of the motion of the particle edges. (e) and (f) present quantitative
measurements of the changes in bubble size vs. time under the mild and harsher
conditions, respectively. (g) and (h) present EDP from BSCF under the mild
and harder conditions, respectively. The number of seconds shown in panels
(c)-(h) represents the passage of time after the initiation of the environmental
stimulus. The faint white-dotted lines superimposed upon the EDP in panels
(a), (b), (g) and (h) show the expected location of the standard reflections for
BSCF.

Figure 5-3. TEM images of another BSCF particle (Particle C) (a) before, (b) during
slow, (c) during fast and (d) after breathing motion. Slow breathing condition:
10 mTorr H,O and 20 e/A%s e-beam dosing. Fast breathing condition: 10 mTorr
H,0 and 100 e/A’s e-beam dosing. The right image in panels (a) and (d) are the
fast fourier transform of the corresponding HRTEM image in the middle of
each panel, patterned by standard BSCF perovskite structure. The orange circle
in the left image of penal (a) represents the EELS collecting region of the

results in Figure 5-5.

Figure 5-4. (a) Bubble size (average diameter) evolution of Particle B over time in
the presence of an e-beam dose rate of 40 ¢/A’s and a H,O pressure of 0.4 and
11 mTorr. (b) Bubble size evolution of Particle C over time in the presence of

10 mTorr H,0 pressure and an electron dose rate of 20 and 100 e/A’s. (c) and
15



(d) are the frequency and displacement of the structural oscillations as a
function of different e-beam dose rate and H,O pressure, as indicated,
respectively. Particle A, B, C and D represent different BSCF particles,
differentiated by color. The numbers under columns represent the H,O pressure
in the unit of mTorr. The numbers above columns represent the e-beam dose

rate in units of e/ A’s.

Figure 5-5. EELS of BSCF before (“BSCF in HV”’) and during (“BSCF in H,O”) the
structural oscillations, in the energy ranges associated with the (a) O K-edge
and (b) H K-edge / O, low loss region, respectively. The “BSCF in HV” spectra
were collected in 10° mTorr HV under an electron dose rate of ~ 200 e/A’s,
while the “BSCF in H,O” spectra were collected in 10 mTorr H,O under an
electron dose rate of ~200 ¢/A%s. The sample region from which this EELS data
was collected is shown in Figure 5-3a. The reference spectra of the O, gas
(“O2”) and H,0 vapor (“H,0”) are also collected in 10 mTorr O, and 30 mTorr
H,O0, respectively. The characteristic peaks of BSCF, O,, HO and carbonate
were labeled in black, red, blue and green, respectively.

Figure 5-6. Reference EELS for H K and low loss region of water (green), pure H;

gas and pure O, gas, provided by Dr. Eric Stach from previous study.'*’

Figure 5-7. EELS of BSCF before (black, “BSCF in HV”) and during (red, “BSCF
in H>O”) breathing motion, in the regions of C K-edge. The “BSCF in HV”
spectra were collected in 10° mTorr HV under the e-beam dosing of ~ 200
e/A%s, while the “In H,O” spectra were collected in 10 mTorr H,O under the e-
beam dosing of ~200 e/A%s. The TEM grid in (a) is amorphous Carbon, while
the TEM grid in (b) is SiN. The reference peak positions from carbonate and

amorphous carbon were labeled in blue and black, respectively.

Figure 5-8. A scheme of water intercalation accompanied by water splitting within
BSCF particles, which leads to structural oscillations observed on BSCF in

H,O vapor under electron beam.
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Figure 5-9. The square of the bubble size (d°) versus the time (f) during the first
growing process (solid) and the first shrinking process (open) of Particle A
(data points from Figure 5-2¢). The red lines are the linear fitting of the

growing and shrinking processes with R” values of 0.98 and 0.99, respectively.

Figure 5-10. Comparison of structural oscillations in BSCF to the lack thereof for
other oxides in H,O and under e-beam. The axis indicates the location of the O
2p-band centers (relative to Fermi level), E,,, and oxygen tracer diffusion
coefficient (D, measured at 900 °C under 0.2-1 atm of O,), taken or estimated

. . 126,128,142-144
from previous studies. ™

The water vapor pressures and electron dose
rates for each oxide samples were listed above the corresponding TEM images.
The number of seconds shown on each TEM image represents the passage of

time after the initiation of the environmental stimulus.

Figure 6-1. Competition between activity and stability that leads to optimization

peak for the design of new catalysts.

17



List of Tables
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Chapter 1. Introduction

1.1. Motivation

Environmental friendly energy storage and conversion technique is one of the major
challenges for the next decades,'” which is critical to bridge the sustainable new energy
sources to the final user demands. This is because many clean energy sources, such as
solar power and wind power, are usually generated not at the places where we need them,
and not at the time when we need them. Therefore, we have to first store the clean
energies, usually in chemicals, and then convert them back to electricity when we need
energies in power grids or electric vehicles, as shown in Figure 1-1. Electrochemical
methods provides many potential solutions to store and convert renewable energy sources

at the room temperature, such as polymer electrolyte membrane fuel cells (PEMFCs),>”

8-11

water splitting electrolyzers'*®” and rechargeable metal-air batteries.

Storage Conversion

H, Li
Mg Zn
Figure 1-1. The role of energy storage and conversion is to bridge the gap between the
renewable energy sources and user demands, including power grids and electric

vehicles.

However, the sluggish kinetics of oxygen reduction reaction (ORR) and oxygen

evolution reaction (OER) limit the efficiency of these electrochemical technologies.' ™'
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As shown in Figure 1-2, if we use electrochemical water splitting to store energy in H»
and O, and use PEMFC to convert the chemical energy back into electricity, very high
overpotential will be required to drive OER and ORR, which lead to extra energy input
during the energy storage and less energy output during the energy conversion. To make
the electrochemical devices more efficient and more commercial friendly, people need to
develop cost-effective, highly active and highly stable catalysts for ORR and OER. So far,
researchers have tried many different kinds of materials for oxygen electrocatalysis,
including Pt-metal (Pt-M) alloys for ORR"*** and transition metal oxides for OER.'*""*%"
> These new catalysts showed promising ORR or OER catalytic activities, but were still
not active enough or not stable enough to make practical and commercial friendly

6,28,34-42

electrochemical devices. There is still a great need to further activating the oxygen

chemistry on metal and metal oxides catalysts.

/’/CER’/ N
Energy
5123 [ Input
I
o
]
>
\>-/ \\
w ORR
Energy
Output
HOR
0.00 -
HER

Power Density

Figure 1-2. The voltage vs. the power density during the water splitting (blue) and fuel
cell working (red) processes, respectively. The slow kinetics in the OER and ORR

caused major energy loss in many energy storage and conversion processes.

1.2. Previous Activity and Stability Descriptors for ORR and OER Catalysts

In the road of pursuing higher activity and higher stability, finding descriptors is of
great significance in saving time and budget, which could connect the basic properties of
materials with its catalytic performance and guide the direction of designing new
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catalysts.”**** So far, many ORR or OER activity descriptors have been discovered, as
partially shown in Figure 1-3. Most of these activity descriptors are related with the
Sabatier Principle: either too strong or too weak surface adsorption would lead to less
activity. Therefore, if to plot the ORR or OER activity versus the adsorption strength of
oxygen on the catalysts surface, we will get a volcano-shape slot.** However, the
adsorption strength of a new material can hardly be predicted, which makes Sabatier
Principle a less practical guide for developing new catalysts. Therefore, researchers
started to look for other descripting properties, especially the bulk properties, which are
related to the surface adsorption strength and can be more easily estimated and/or
controlled. One example is the d-band theory for oxygen adsorption on transition metals:
when the d-band center of the transition metal is lower, the anti-bonding state of surface
oxygen adsorption will become higher relative to the Fermi level, leading to stronger

. 4546
surface bonding.™

This allows us to tune the electronic status of Pt-M alloys to adjust
the surface adsorption strength of oxygen, and therefore to further improve the ORR
activity.> 17?3047 Similarly, for OER activity of perovskite oxides, we found that
when the e, occupancy of the transition meal site is closer to unity®” or if the O 2p-band
center is closer to Fermi level,*® the perovskite oxides will exhibit higher specific OER
activity in alkaline electrolyte. These descriptors have helped us find out several highly-
active OER catalysts, including BaysSrysCogsFe2035 (BSCF) and PrBaCo;Os:s

(PBCO).
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Figure 1-3. Some activity descriptors for ORR and OER discovered previously. With
the sequence from left to right, the ORR descriptor plots are adapted from Ref. 45, 46,
47 and 43; while the OER descriptors are adapted from Ref. 44, 48, 29 and 28.

Despite various activity descriptors that have been discovered, so far we still have
less stability descriptors for both OER and ORR catalysts. In the development of
electrochemical energy devices, the stability of catalysts is as important as the activity.
However, many of the state-of-art high-activity Pt-alloy ORR catalysts and oxides OER
catalysts suffer from the fast degradation, especially in neutral or low pH electrolyte,
which is related to the interaction between catalysts and the species in the electrolyte (e.g.
H', OH", H,0, O,, etc.). Therefore, it is of great importance to look into the interaction
between water/electrolyte and catalysts, investigate the mechanism of oxygen
electrocatalysis and catalysts degradation, and find new guidelines that could help us to

optimize activity and stability of the catalysts simultaneously.

22



1.3. Thesis Overview

In order to study the electrocatalytic mechanisms and degradation mechanisms
during the OER and ORR as well as to find new activity and stability descriptors for
oxygen electrocatalysis, in this thesis, systematic in situ and ex situ characterizations
were applied on both Pt-M alloy system for ORR and perovskite oxides system for OER.
We combined electrochemical characterizations with transmission electron microscope
(TEM) techniques to investigate the interactions between catalysts and electrolyte, which

lies behind the new descriptors discovered in this work.

In Chapter 2, we tested the evolutions of ORR activities, CO stripping voltages and
chemical compositions of various PtyosMys nanoparticles during cyclic stability test in
acid electrolytes.” We found that alloying with transition metals that have more positive
dissolution potential could prevent transition metal leaching and improve both the bulk
and surface stabilities during voltage cycling tests. This implies that in the competition
between alloying formation and metal dissolution, the metal dissolution driving force is
more influential. Meanwhile, transition metals with more positive dissolution potential
have less beneficial adjustments of Pt electronic structure and therefore lead to lower
ORR activities. The competing between activity and stability leads to a volcano-like
relationship between the ORR activity after 1200 voltage cycles and the dissolution
voltage of the transition metal. Among all the tested Pt-M catalysts, Pt-Ni showed the
highest activity at the end of stability test.

To further investigate the degradation process and optimize the ORR activity of Pt-
Ni system, in Chapter 3 we used pre-acid-leaching protocol to control the formation of
Pt-rich shell on the surface of Pt-Ni particles.’’ It is found that both the smaller particle
size and the formation of dense surface Pt shell after mild acid treatment and post
annealing can improve the stability of the Pt-Ni nanoparticles during the ORR in acid
electrolyte. With the help of these guidelines, a H,SOy-treated and annealed Pt-Ni
catalyst was successfully fabricated, which for the first time demonstrates both the initial
and 30k-cycled ORR activity higher than the PEMFC cathode catalyst target made by
U.S. Department of Energy (DOE).
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Systematic study of the activity and stability descriptors was also applied onto the
perovskite oxides for OER, which is the reverse reaction to ORR. In Chapter 4, we
extended our previous understandings of OER catalysts at high pH to that in neutral-pH
electrolyte, which is important for reversible metal-air batteries and water splitting.”' We
found that both e,-filling and O 2p-band, which are activity descriptors discovered in
alkali electrolyte, are still effective at neutral-pH. Oxides with e, closer to 1 or O 2p-band
closer to Fermi level will have higher OER activity at both high and neutral pH. In
addition, two different degradation mechanisms were discovered at pH 7. When the
Fermi level of perovskites is closer to its O 2p-band center, the oxides become unstable,
accompanied with A-site atom leaching. When the distance between O 2p-band center
and Fermi level is larger, the oxides become stable under low OER overpotential, but are
still unstable under high OER overpotential accompanied with B-site atom leaching.

Therefore, O 2p-band is also a stability descriptor at neutral pH.

The stability studies in the above chapters were done using ex sifu characterizations,
meaning we have to stop the electrochemical process and take the materials out for the
measurements. To study the interaction of water and perovskite oxides in situ, in
Chapter 5, we applied environmental transmission electron microscopy (ETEM)
techniques to run electrochemical reactions directly in the TEM chamber,”> which allows
direct observation of the oxygen evolution and the degradation of catalysts. It is found
that when we introduce water vapor into the TEM chamber, BSCF can first uptake water
into the lattice, and then O, gas can be evolved inside BSCF, causing the breathing-like
lattice oscillation. Since the O, gas was trapped inside of the bubble structures, we were
able to confirm the oxygen evolution during oscillations using electron energy loss
spectra (EELS). We were also able to use a bubble model to simulate the bubble growing
and shrinking processes with first-order approximations. On the contrary, for other
perovskites with the Fermi level farther away from the O 2p-band, the greater energy
penalty of oxygen vacancy formation and smaller oxygen ion mobility can hamper the
water uptake and therefore the structural oscillations are weaker or absent. These atomic
scale observations further demonstrate that the critical influence from bulk electronic
structures as well as the electrolyte(water)-catalyst interactions to the oxygen catalysis

mechanism and the stability of the catalysts.
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Finally, conclusions and perspective of fundamental approaches/strategies toward
better understanding of oxygen electrocatalysis and new design principles of OER and

ORR catalysts will be discussed in Chapter 6.
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Chapter 2. ORR Activity and Stability Trends of Pt,sM,s Nanoparticle

in Acid Electrolyte

2.1. Introduction

The slow kinetics of ORR is the major energy loss of many low-temperature energy
conversion devices, including PEMFCs and rechargeable metal-air batteries.”” The
traditional ORR catalyst is pure Pt, which has high ORR activity but low abundance in
the earth. To make more commercial friendly energy conversion devices, significant
efforts have been made to improve the stability and activity of Pt-based materials, in
order to reduce the Pt loading in these devices. Recently, Pt-M alloy catalysts are widely
studied as the ORR catalysts for PEMFCs with up to two-order higher ORR activity than

pure Pt.****7 The improved ORR activity in Pt-M alloys is benefited from the

14,18,19,58-60 d13-l4, 17,27-30

strain and the ligan effects, which could tune the electron d-band to

adjust the surface adsorption of oxygen species (e.g. OH, OOH, etc.) and therefore to

4,31-33

optimize the heights of energy barriers between catalytic intermediates. However,

alloying with transition metals also brings severe degradation issues involving M loss

15,16,36,61-66

through leaching or dealloying,®”®® which lead to the decreasing of ORR

activity caused by the reduction in the beneficial electronic structure modification

associated with alloying.10,13,44-45

In order to stabilize Pt-M catalysts in acid electrolyte, it
is essential to understand the effect of transition metal leaching and the accompanied

activity change of Pt-M catalysts under cyclic voltage operations.

Although there are many studies on the stability and activity of Pt-M during ORR,
different experimental conditions and sample preparation methods were applied in these

: 36,58,61-63
studies,”””"

which prevented us from learning the influence of transition metal
chemistry to the leaching process by directly comparing the results in these different
works. In this chapter, a systematical activity and stability study on a series of Pt-M
nanoparticles is reported in order to develop rational selection criteria of transition metal
for long-lived Pt-M ORR catalysts.” In Pt-M alloy, the alloy formation energy (Eatioy)

represents the driving force to prevent dealloying, which is a measure of the Pt-M bond
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energy with respect to Pt-Pt and M-M; and the dissolution potential (Vyissome) on the
contrary, represents the driving force of metal leaching. To make the alloy more stable,
higher Ej,, and more positive Vyigone are preferred. However, in Pt-M, E,, is found to
scale with Vgigome, as shown in Figure 2-1. The dependency between Euu,, and Viigone
could be originated from d-electron filling. If the d-band center of M is close to Fermi
level, on one hand it leads to more filling in bonding states and less filling in anti-
bonding states when alloying with Pt and thus have stronger anoy,4 while on the other

hand M is also easier to be reduced by protons in acid and therefore have more negative
45
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Figure 2-1. Euyy VS. Viigsowe Of various Pt-M alloys. The values of Vijgone (M &
Mn" + n ¢") were taken from the CRC handbook.”” The values of E,, shown as black
solid circles were taken from Ref.47, while the values for E,y, shown as blue open

circles were evaluated from studies of Pt alloy phase diagrams.”®”®

To study how the competition between these two thermodynamic properties will
influence the ORR activity and stability of Pt-M alloys, accelerated cyclic stability tests
were applied on a series of Pt-M nanoparticles from Premetek Co. (20 wt% on Vulcan
XC-72 carbon), where M = Fe, Co, Ni, Cu, Ru, Pd, and Ir. All of these nanoparticles have
a nominal Pt:M ratio of 1:1 and similar particle sizes ~3.5 nm. Pt nanoparticles (46 wt%
supported by Vulcan carbon) from Tanaka Kikinzoku (TKK) was used as a reference.

Then chemical composition, particle size, surface area, CO oxidation onset voltage and
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ORR activity of these Pt-M catalysts were characterized as a function of voltage cycling
in acid. It is found that the loss of ORR and CO oxidation activities was governed by the
extent of transition metal leaching. In addition, the Pt-M nanoparticles were found to lose
more M and became less stable when Vyigone 0f M is negative in standard condition.
Meanwhile, the activity increased when Vigone Was more negative. The results provide
insights into the rational design of Pt-M nanoparticle catalysts with enhanced stability

and activity.

2.2. Experimental Methods
Rotating disk electrode configuration

Rotating disk electrode (RDE) configuration was employed for the electrochemical
measurements in this chapter, with a rotatable working electrode (PINE Instrument), a Pt
wire as the counter electrode, and a saturated calomel electrode (SCE, Analytical Sensor,
Inc.) as the reference electrode. The working electrode was prepared by drop-casting the
ink of pure Pt or Pt-M nanoparticles onto the glassy carbon electrode (GCE, 5 mm in
diameter, Pine Instrument) after polishing. The loading is 10 pgp/cm’ss. The measured
potentials vs. SCE were calibrated to the reversible hydrogen electrode (RHE) using
H,/H' redox in this chapter. Accelerated cyclic voltage tests between 0.6 and 1.0 V vs.
RHE at 20 mV/s and room temperature without any rotation were applied in Ar-saturated
0.1 M HCIlOg4, which is diluted from 70% HCIO4 (GFS Chemicals) using deionized water
(DI water, 18 MQ). The electrochemical surface area (ESA) of Pt was measured using
the hydrogen adsorption and desorption (HAD) methods in Ar-saturated 0.1 M HCIO4
electrolyte at 10 mV/s between 0.05 and 0.35 V vs. RHE after a double-layer correction

with the conversion factor of 210 uC/cm?p, which was also used in previous works.”
ORR activity measurements

ORR activities were measured using cyclic voltammetry (CV) between 0.05 and 1.1
V vs. RHE at 10 mV/s and at rotation speeds of 100, 400, 900, 1600 and 2500 rpm in 0.1
M HCIO4 O;-saturated electrolyte with O, bubbling (99.999%, Airgas) inside the

electrolyte. Then double-layer current were corrected by subtracting the background CV
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curve measured in Ar-saturated electrolyte. Ohmic loss were corrected by Ecorrect = E —
iR, where i is the measured current, and R is the electrolyte resistances determined by
high-frequency alternating current impedance. The kinetic current i;, was calculated
from the Koutecky-Levich equation™: 1/i = 1/i) + 1/ip, where ip is the mass-
transport limited current obtained from CV curves.” The specific and the mass ORR
activities were obtained by normalizing i, with the ESA and the weight of Pt in Pt-M
nanoparticles, respectively. The ORR activity at 0.9 V vs. RHE was compared among
different Pt-M samples.

CO stripping measurements

CO stripping method was employed in this work to probe the evolution of surface
chemistry of Pt-M nanoparticles. First, CO gas was bubbled and adsorbed onto the Pt-M
surface at 0.1 V vs. RHE in O,-free 0.1 M HCIlOy electrolyte. Then CO in the solution
was removed by bubbling Ar for at least 30 min, while the working electrode was kept at
0.1 V vs. RHE to catch a mono layer of CO on the surface. After that, CV scanning was
performed between 0.05 and 1.1 V vs. RHE at 5 mV/s under Ar bubbling, and then the
CO oxidation peak could be obtained by subtracting the background CV from the CO
stripping curve. The potential at which the current attained 5% of the peak current prior
to reaching the peak in the positive-going sweep was defined as the CO stripping onset

voltage in this study.
TEM characterizations

TEM was used to determine the particle size distributions of Pt-M samples using a
JEOL 2010F high-resolution transmission electron microscope (HRTEM) operated at 200
kV with a resolution of 0.19 nm. TEM samples were prepared by either drop-casting as-
received particles onto lacey carbon coated Cu or Ni TEM grids (Electron Microscopy
Science) or gently scratching the cycled particles from disk-electrode surface with TEM
grids. The diameters (d) of over 100 nanoparticles for each Pt-M catalysts were measured
from HRTEM images using Image]J v1.44p (National Institute of Health, USA). Parallel-
beam energy dispersive spectroscopy (EDS) data were collected and the atomic
compositions were determined using INCA (Oxford Instruments) software. For each Pt-

M sample, three different spots with a diameter of ~ 200 nm with a total of over 100
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particles were used to collect the average Pt:M ratios before and after stability tests. The

TEM-based surface area (TSA) was computed as 6/(ppmdy/q) 5 where d, Ja =
Ynd? /¥ d3, and ppyy is the mass density of bulk Pt-M alloy.

2.3. Bulk and Surface Evolutions Caused by Transition Metal Leaching

The evolution of particle size, metal composition and surface area of Pt-M
nanoparticles after 100 and 1200 stability cycles were shown in Figure 2-2. First, before
any stability cycling, the pristine Pt-M samples showed similar sizes (~3.5 nm), Pt-M
ratios (~1:1), and surface areas (both ECA/TSA). In addition, CV measurements showed
that the as-received particles have similar specific ESA to TSA (Figure 2-2¢ and Figure
2-2d). They also have similar particle size distributions and morphologies, as shown in
Figure 2-3 and Figure 2-4. The similar initial chemistry and morphology of the particles
provided the platform for the systematic comparison of activity and stability of Pt-M
catalysts in the acid electrolyte. After 1200 CV cycles, significant M loss can be observed
in metals with Vissome < 0 (i.e. Fe, Co, and Ni). In contrast, for M = Cu, Ru, Pd with
Vaissowve > 0 'V, there is very little or no transition metal loss during voltage cycling (Figure
2-2b). This suggests that Vysone can be treated as a descriptor for the stability of M in Pt-
M catalysts with potential cycling (Figure 2-5). The more negative the Viisone, the severer
the dissolution of M. In fact, Figure 2-1 has implied that the dissolution driving force

from Vissone (€.g. -0.45 eV/electron for Ni in the dissolution reaction Pt,Ni — zPt +Ni*"

+xe’, from Figure 2-1) is stronger than the stabilizing force from E.u,, (e.g. -0.2
eV/electron for Pt-Ni from Figure 2-1, calculated as (z+1)E.,,/x). So it is understandable
that Vissone dominated the dissolution process in Pty sMy s particles. It worth noticing that
this statement may be specific to the Pt-M nanoparticles with initial Pt:M ratio of 1:1 and
particle size range from 2 to 5 nm. With higher Pt:M ratios or larger particles, the Pt
protective layer may form on the surface before or after acid leaching,'”**""® which has
big influence to the activity and stability of the Pt-M catalysts. While in our case, Pt
content might not be high enough to form the surface condensed layer during dealloying,
and instead a Pt skeleton may form on the particle surface after severe leaching on

transition metals with Vyssome < 0 V, which has been reported before.>” The formation
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of surface Pt skeleton could also be the reason that the trend in M dissolution among
PtosMys particles was not captured by the evolution of particle size, ESA or TSA
considering experimental uncertainties of these measurements (Figure 2-2¢ and Figure

2-2d).
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Figure 2-2. (a) The average particle diameter change of Pt-M particles during cyclic
tests (black: as-received; grey: after 100 cycles; light grey: after 1200 cycles. This is
the same as in (b), (c) and (d)). The error bars represent the standard deviation of the
mean of particle size distribution (more than 100 particles for each sample were
measured). (b) The transmission metal (M) composition of the Pt-M nanoparticles
before and after voltage cycling in atomic percent, as evaluated by EDS using spectra
of three different areas (with diameters ~ 200 nm) contacting over 100 particles. The
error bars represent the standard deviation of chemical composition measurements at
different EDS areas. The horizontal black line marked 50% atomic composition of M.

(c) The surface area calculated using TEM images (TSA). The error bars comes from
31



the standard deviation of EDS results. (d) The ESA calculated from hydrogen
adsorption/desorption peaks of CV curves. The error bars represent the standard

deviation of the ESA measurements.
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Figure 2-3. TEM images of Pt-M nanoparticles, including as-received samples and

samples after 100 and 1200 cycles in acid electrolyte.
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Figure 2-4. Histograms of particle size distributions for as-received and after-cycled
Pt-M nanoparticles. The particle sizes were evaluated by HRTEM images. More than

100 particles were measured in each of the panel above.
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Figure 2-5. Transition metal loss after 1200 cycles (green) and the specific ORR
activity of as-received Pt-M catalysts (red). Here the transition metal loss was defined

as the metal composition change from Figure 2-2b.

In addition to the evolution of bulk metal concentration detected by EDS, the
evolution of surface metal concentration was also studied using CO stripping method,

which is to oxidize the surface monolayer of CO on Pt-M nanoparticles at certain voltage.
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The onset voltage of CO stripping is sensitive to surface Pt:M ratio since pure Pt surface
is usually easier to be strongly poisoned by CO molecules and lead to a higher onset

108182 Figure 2-6 showed that for M with Vsene < 0 V, the onset voltage of CO

voltage.
stripping on Pt-M rapidly increased to the value of pure Pt after 1000 cycles (Figure 2-6¢),
reflecting the totally dissolving of M from the nanoparticle surface and the formation of
Pt skeleton surface structure. While for those with Vysome > 0 V, the onset voltages after
1000 cycles stayed nearly unchanged from their initial values that are very different from
the pure Pt particles (Figure 2-6¢), implying these transition metals are stable on the
surface over cycles. The less onset voltage shift after 1000 cycles at higher Visone
(Figure 2-6d) is in consistent with the less bulk M dissolution after 1200 cycles at higher
Vaissowve (Figure 2-2b), implying that Pt-M particles with more positive Vyissome have better

stability both on the surface and in the bulk.
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Figure 2-6. (a)(b) Representative CO stripping curves of Pt-Co and Pt-Pd, with large
and small change in onset voltage after 1000 cycles, respectively (black: as-prepared,
dark grey: cycled 100 times, and light grey: cycled 1000 times). (c) The CO stripping
onset voltage change of Pt-M particles during cyclic tests (black: as-received; grey:

after 100 cycles; light grey: after 1000 cycles). Here the standard deviation of three
34



different measurements for each alloy is used to represent the uncertainty of the onset
voltage. (d) Onset voltage shift for CO stripping after 1000 cycles (green) and the
specific ORR activity of as-received Pt-M catalysts (red). Here the onset voltage shift

was defined as VlOOO-cyCled ~Vas-received 1 (C)

2.4. Optimization of Both Activity and Stability

The Viissowe also showed close relationship with the ORR activity, as shown in
Figure 2-7. The Pt-M nanoparticles with more negative Vsone tend to have higher
specific and mass ORR activities before CV cycles (Figure 2-7c¢ and Figure 2-7d). This
trend can be explained using d-band center theory: M with more negative Visone usually
has a smaller atom size and more negative electronegativity, causing a larger compressive
strain and a greater ligand effect, which can shift down the Pt d-band center and therefore

15,18,47,53,54,83 . .
””” At the same time, no noticeable enhancement

yield a higher ORR activity.
was observed in the ORR activity for those M with positive Vyissonme before voltage
cycling. This implies that for Pt-M catalysts, the stability and activity cannot be
optimized at the same time by varying the chemistry. After 1200 CV cycles, all Pt-M
with negative Vyissone Values (Fe, Co and Ni) showed slight decrease in the mass and
specific ORR activities, which still remained twice higher than the pure Pt. The activity
descending of these negative-Vyisome alloys is in consistent to their severe M leaching
during voltage cycling, which can cause the loss of beneficial alloying effects.'”'***° In
the contrast, Pt-M catalysts with positive Vyissome showed less changes in ORR activities
after 1200 cycles, corresponding to their higher chemical stability against transition metal

leaching.
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Figure 2-7. (a) and (b) Representative ORR curves of as-received Pt-Fe and Pt-Pd
nanoparticles under different rotation speeds, respectively. (c¢) Specific and (d) mass
oxygen reduction activities of the Pt-M nanoparticles at 0.9 V vs. RHE and room
temperature in 0.1 M HCIOy (black: as-prepared, dark grey: cycled 100 times, and light
grey: cycled 1200 times). Here the standard deviation of three different measurements
for each alloy is used to represent the uncertainty of the mean of activity. The activity
of pure Pt nanoparticles of comparable particle sizes before voltage cycling is marked

as black horizontal lines in (c) and (d).

In practical applications, the mass ORR activity per gram of Pt is directly related to
the performance and cost of the devices such as PEMFCs. And from Figure 2-7d, it is
found that after 1200 cycles, there is a volcano trend between the mass ORR activity and
the dissolution potential of M. When Pt was alloyed with Fe or Co who has very negative
Vaissoive, the ORR activity dropped too fast; while when Pt was alloyed with Ru or Pd who

has positive Vione, the ORR activity was always low before and after CV cycles.
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Therefore, the highest mass ORR activity after 1200 cycles was found on Pt-Ni, as a

result of the balancing between stability and activity.

2.5. Chapter 2 Conclusions

In this chapter, combined the electrochemical and TEM characterizations were
applied on a series of Pt-M nanoparticles to investigate the influence of alloy chemistry to
the catalytic performance during the ORR in acid electrolyte. It was found that when Pt
was alloyed with more negative-Vysome transition metals, despite the stronger alloy-
formation energy, the Pt-M nanoparticles demonstrated greater M dissolutions both in the
bulk and on the surface after voltage cycling in acid electrolyte, accompanied by bigger
shifts in onset voltages of CO stripping and ORR activities. The fact that the Pt-M
nanoparticles become less stable with the Vyssome of M is more negative implying that
during the competition between Vigome and Egjioy, Vaissove 1S more dominating. In addition,
alloying Pt with negative-Vysome transition metals could lead to more beneficial
electronic structure adjustment. This implies that in Pt-M alloy catalysts, the stability and
activity are competing with each other. As a result, a volcano trend was observed
between cycled mass ORR activity and Vyissome, and Pt-Ni showed the highest mass ORR
activity after 1200 cycles. This work highlights the critical role of the dissolution
thermodynamics of transition metal solute in Pt-M catalysts on the extent of transition
metal leaching in acid, ORR activity and CO oxidation activity. The new design
principles discovered in this work is important to the development of new Pt-based ORR

catalysts with higher activity and longer durability in acid electrolyte.
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Chapter 3. Acid-treatment and Annealing Effects on Pt-Ni

Nanoparticles for ORR Electrocatalysis

3.1. Introduction

In Chapter 2, it is found that the stability and ORR activity of Pt-M alloy catalysts
in acid electrolyte is closely related to the transition metal dissolution from both the bulk
and the surface. In addition, it is found that Pty sNi s nanoparticles have the highest mass
ORR activity after 1200 CV cycles among all PtosMys samples tested in Chapter 2,
showing a balanced catalytic performance between stability and activity. However, the
stability and activity of the tested commercial Pty sNijs nanoparticles were still far from
the official 2017 performance targets for initial fuel cell catalyst activity and fuel cell
durability made by DOE.**® One way to improve the catalytic performance of Pt-Ni
catalysts is to dealloy Ni-rich Pt-Ni precursor particles with controlled acid leaching
protocols, in order to form a Pt-rich protective shell and a Ni-rich core. Previous work
has shown that having Ni or Co compositions greater than 50 at.% in PtNix or PtCox
nanoparticles could lead to the formation of spongy particles with nano-scale porosity

37,86

due to severe metal leaching, while small particles below certain critical size could

avoid such porosity formation. ***”"

However, the effects of material preparation
methods, such as acid-leaching protocol and post-acid-leaching heat treatment, on metal
leaching and surface porosity formation are still poorly understood. In addition, many of
the previous stability and activity characterizations were done using RDE setups, rather

89,90

than in real fuel setups,” " which is critical to the development of efficient, durable and

practical ORR catalysts for PEMFCs.

To further improve the ORR stability and activity of Pt-M, particularly the Pt-Ni
catalysts, in this chapter we systematically studies how the particle morphology,
dealloying process and heat treatments could influence the formation of Pt-rich protective
layer on the surface of Pt-Ni nanoparticles and prevent the Ni leaching in acid
electrolyte.”® Scanning transmission electron microscopy (STEM) data revealed that

smaller particle sizes, less-oxidative acid treatments and post-dealloying heat treatments
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could significantly reduce Ni leaching and nanoporosity formation while encouraged
surface passivation, all resulting in improved stability and higher catalytic ORR activity
in acid electrolyte. The new design principles of more active and more stable ORR Pt-
alloy catalysts enabled the swift translation of fundamental atomic-scale understanding
on catalyst synthesis, electrochemical catalysis and degradation into industrial catalytic
material scale-up coupled to unprecedented device performance. As a result, new fuel cell
catalysts that exceeded the official 2017 DOE cathode catalyst targets were successfully
synthesized, which were important for the reduction of the costly Pt usage in PEMFCs

and the commercialization of fuel cell vehicles.

3.2. Experimental Methods
Sample preparation

In this study, two different Pt ,sNig 75 nanoparticles (P1 and P2) supported on high-
surface-area carbon were synthesized by Johnson Matthey Fuel Cells Ltd (UK). P1 and
P2 have similar shapes and initial Pt:Ni ratios, but different particle size distributions
(PSDs):”! P2 has a smaller average particle diameter of ~ 5 nm with a narrower PSD,
while P1 has a larger average particle diameter of ~8 nm with a broader PSD, as shown in
Figure 3-1. Here we start with much higher Ni concentration (75%) so that after
controlled dealloying process, we can get the high surface area core-shell nanoparticle
catalysts with compact Pt-rich protective shell and still high-Ni-concentration core for
beneficial electronic structure adjustment. In this work, various acid-leaching conditions
and post-dealloying treatments were applied to either P1 or P2, as shown in Figure 3-2,
which includes: (1) 1 M nitric acid at 70 °C for 24 h in air (marked as P1-NA and P2-NA)
or (2) 0.5 M sulfuric acid at 80 °C for 24 h in nitrogen (P2-SA). The acid-treated catalysts
were then rinsed with DI water and dried in N, at room temperature. Some P2-SA
catalysts were then further annealed annealed at 400 °C for 4 h in 5 % H; and 95% N,
marked as P2-SA-AN. In addition, Pt nanoparticles (46 wt% supported by Vulcan carbon)
from TKK was used as the reference ORR catalyst. The catalytic performance of the
above ORR catalysts was measured by fuel cell testing using 50 cm® catalyst-coated
membranes (CCMs) made by the decal transfer method, with a loading of 0.1 mgp/cm? in
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the cathode and 0.05 mgp/cm’ in the anode. In CCMS, Nafion® D2020 ionomer was
utilized with an ionomer to carbon weight ratio of 0.95 and 0.6 in the cathode and anode,
respectively. 20 wt.% Pt/C was used as the anode catalyst for hydrogen oxidation
reaction (HOR). Nafion® NRE211 (25 pm thick) was used as the separator membrane.
The carbon fiber paper backing (~200 um) coated with a microporous layer (MPL, ~30
um) was used as the gas diffusion medium. Detailed procedure for the fuel cell test and

membrane electrode assembly (MEA) can be found in previous work.”
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Figure 3-1. Particle size distribution of (a) pristine P1 and (b) pristine P2 particles.
More than 100 particles of each sample were measured to calculated the average of

particle diameter (dav,) and the standard deviation of particle size distribution (o).

40



P1 P2

l
P2-SA

!—I_I

P1-NA P2-NA P2-SA P1-SA-AN

Nitric acid Nitric acid Sulfuric acid Sulfuric acid
treated treated treated treated, annealed

Figure 3-2. Schematic of the Pt-Ni nanoparticles treated in different conditions. The
precursors were either treated in (1) 1 M nitric acid at 70 °C for 24 h in air (P1-NA and
P2-NA) or (2) 0.5 M sulfuric acid at 80 °C for 24 h in nitrogen (P2-SA). After the
dealloying, some P2-SA catalysts were thermally annealed at 400 °C for 4 hin 5 % H,
and 95% N,, marked as P2-SA-AN.

Electrochemical measurements

Before electrochemical measurements, MEAs were first conditioned in fuel cells for
7 h, and then were conditioned by a series of initial electrochemical measurements for a
total run time of 17 h. Voltage cycling tests were applied on some of the MEAs in 200/50
standard cubic cm per min of Hy/N; at 80 °C, 100 % RH and 101 kPa,s for up to 30,000
(30k) cycles, at a scan rate of 50 mV/s between 0.6 and 1.0 V vs. RHE (30k-cycled). For
each electrochemical measurement, averages were calculated from at least 4 MEAs, and
the standard deviations were used as the error bars in the figures. The ORR activities
were measured from the H,/O, polarization curves obtained at 80°C, 100 % relative
humidity (RH) and 150 kPays after high frequency resistance-correction.”” Pt ESA were

measured following the similar method in Chapter 2.
Electron probe micro-analysis

The evolution of bulk chemical compositions were characterized by electron probe
micro-analysis (EPMA) using an SX100 electron probe micro-analyzer from CAMECA
Instruments, Inc. Small pieces of MEAs (~ 4 X 10 mm) were cut from the center of the
samples and mounted in brominated epoxy under vacuum. Then the samples were

polished to mirror finish using first the polishing papers and then the 1-micron diamond
41



suspension. A thin layer (~3 nm) of Au-Pd alloy was then sputter coated immediately
after final lapping to provide surface electron conductivity needed for EMPA. The cross-
sectioned MEAs were analyzed with an electron probe of 15 KV and 10 nA. Specific

experimental parameters can be found in previous publication.”
TEM characterizations

TEM samples were prepared by using a razor to remove the carbon paper diffusion
layer, carefully cleaning the MPL off the membrane and scraping the membrane directly
into a scintillation vial. The cathode scrapings were then ultra-sonicated briefly in ethanol
(Sigma-Aldrich), and then drop-casted onto lacey carbon coated Cu TEM grids (Electron
Microscopy Science). TEM and STEM characterizations were performed using a JEOL
2010F HRTEM operated at 200 kV with a point resolution of 0.19 nm. For each sample,
over 100 catalyst nanoparticles were measured using HRTEM images to determine the
PSDs. The bright field diffraction contrast images were formed by aligning a 20 pm
aperture with the transmitted beam, and captured by a CCD camera. The HRTEM images
were analyzed using Gatan Digital Micrograph v2.01 (Gatan Inc.) and ImageJ v1.44p
(National Institute of Health, USA). High angle annular dark field (HAADF) STEM
images were formed by aligning the Ronchigram with optic axis and a 50 um condenser
aperture with the center of the Ronchigram. The electron beam with a probe size of 0.5
nm and a camera length of 40 cm was used to minimize the effect of diffraction contrast
on the HAADF images. Parallel-beam and STEM EDS data were collected from
individual catalyst particles and analyzed using the INCA (Oxford Instruments) software.
The Ni and Pt atomic compositions were determined from the Ni-K series and the Pt-L
series using the INCA software as described in previous work.®® For parallel-beam EDS
measurements on each sample, three different spots with a diameter of ~ 200 nm (totally

containing over 100 particles) were used to collect the average atomic percentage of Ni.

3.3. Activity and Stability Trends

Different from the RDE setup used in Chapter 2, in this chapter the ORR activity

and stability of Pt-Ni nanoparticles were measured using the real fuel-cell setup (Figure
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3-3). Although the RDE setup is simpler and faster for electrochemical characterizations,
the fuel cell setup could provide more practical information of the catalytic performance
of the catalysts, which is closer to the commercial applications. Figure 3-3a showed that
before any cycling, the PI-NA and P2-NA cathodes with the Pt loading of 0.1 mgp/cm
geoz had a comparable voltage curve to the pure-Pt cathode with four times higher Pt
loading (0.4 mgpt/cmgeo_z). This implies both P1 and P2 have roughly four times higher
ORR activity than Pt at the beginning. However, after 30k cycles, both of them had an
obvious voltage drop, indicating the loss of ORR mass activity. This can be further
demonstrated in Figure 3-3b and Figure 3-3c, where we compared the specific and mass
ORR activity of different Pt-Ni catalysts at 0.9 V vs. RHE. It is found the mass activity of
P1-NA was reduced by ~2/3 after 30k cycles, which is much higher than the activity loss
on P2-NA and the other P2-derived catalysts. Moreover, if to normalize the activity by
their ESA, Figure 3-3b showed that the specific activity of P1-NA dropped more than 1/3
after 30k cycles, while on the contrary, the specific activities of P2-NA and the other P2-
derived catalysts actually increased after cycling. The mass activity loss in P2-derived
catalysts was mainly caused by the loss of ESA. These activity profiles provided us a
general stability and catalytic performance ranking, where P2-SA-AN > P2-SA > P2-NA >
PI-NA. In fact, all those P2-derived catalysts became the first ones to exceed the US
DOE 2017 PEMFC cathode catalyst target (initial activity >0.44 A/mgp and activity loss
<40 % after 30k voltage cycling,** see Figure 3-3d).
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Figure 3-3. (a) Fuel cell polarization curves of P1-NA and P2-NA cathodes at different
aging stages (conditioned and 30k-cycled), and of conditioned Pt as a reference. The
catalyst loadings were 0.1 and 0.4 mgp/cm® for the dealloyed PtNi and commercial Pt
catalysts, respectively. (b) Specific activity and (c) mass activity of the Pt-Ni catalysts.
The activities were measured at 0.9 V vs. RHE, where dark grey, light grey and white
represent conditioned, 10k-cycled and 30k-cycled MEA, respectively. From (a) to (¢)
the error bars represent the standard deviations of activity measurements among at
least 4 MEAs for each sample. (d) The end-of-life (EOL, 30k-cycled MEA) vs.
beginning-of-life (BOL, conditioned MEA) mass activity for catalysts from this work
and from previous work on MEAs: 3M NSTF PtCoMn, NSTF P‘[3Ni7,93 Pt3;Co/CNC
and Pt,Ni/CNC,” Supplier Pt Alloy and pure Pt.***° The solid and dash horizontal
lines in (b) and the red star and the green square regions represent the DOE 2017
PEMFC cathode catalyst targets for BOL mass activity (0.44 A/mgp;) and EOL mass
activity (0.26 A/mgp),"* respectively.

As we discussed in Chapter 2, the activity loss in Pt-M catalysts could be resulted

from metal leaching or particle coarsening. To examine the potential origins of activity
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loss in these Pt-Ni catalysts, we measured their Ni contents over cycles using EPMA.
Figure 3-4a exhibited that PI-NA had less Ni than P2-derived catalysts before cycling.
Additionally, sulfuric-acid treated P2 (P2-SA and P2-SA) had more Ni than the nitric-
acid treated P2-NA before cycling. Since the two precursor nanoparticles P1 and P2 have
the same stoichiometry of Pt;,sNip7s, the difference in Ni content before cycling was
mainly caused by different acid treatment conditions and different initial particle sizes.
After 30k cycles, PI-NA showed the most Ni leaching with the least Ni content left (~5
at.%), while P2-SA-AN showed the highest Ni content left (~15 at.%). The trend of Ni
loss is in consistent to the previous stability trend we observed in ORR mass activity, as
shown in Figure 3-4b. In general, higher Ni content corresponds to higher mass activity
after 30k cycles. On the other hand, the specific activities were found to be independent
of Ni content, see Figure 3-4c. In fact, the specific activity represents the intrinsic activity
per surface active site, and therefore is more related to the near surface compositions and
structures than to the total Ni loss.*® Therefore, we need the help of TEM to detect the

evolution of surface chemistry and surface structure before and after cycling.
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Figure 3-4. (a) EPMA-determined Ni concentrations, where black, dark grey, and
white represent pristine CCM, conditioned and 30k-cycled MEA, respectively. (b) and
(c) The average Ni concentrations determined by EPMA plotted against the mass and
specific activities of the MEAs, respectively. (Dark grey: conditioned; white: 30k-
cycled.) From (a) to (c), the activity error bars represent the standard deviation of
activity measurements among at least 4 MEA samples, while the Ni-content error bars
represent the standard deviation of EMPA measurements among at least 3 different
locations. (d) TEM-determined mean particle size from different MEAs, where black,
dark grey and white represent pristine CCM, conditioned MEA and 30k-cycled MEA,

respectively. For each sample over 100 particles were measured to get the average size,
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while the error bars represent the standard deviation.

3.4. Atomic-scale Dealloying Study

With the help of TEM, we first examined the particles before CV cycling, as shown
in Figure 3-5. First we found P1-NA had a larger average diameter and a broader size
distribution (~7 nm + 3 nm) than P2-derived catalysts (~5 nm + 1 nm), as shown in

Figure 3-4d. In addition, EDS data demonstrated that P2-NA had higher Ni content
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(25+3 at.%) than PI-NA (19+6.9 at.%), in agreement with previous EPMA results in
Figure 3-4a. TEM images showed that the particle porosity of P1-NA is higher than P2-
NA. The observed porosity is similar to that of other Pt-M nanoparticles in previous

. . . 6
studies after acid-leaching.***"%%

The size difference could be the origin of the large
stability and activity differences between P1-NA and P2-derived catalysts. Because the
Ni leaching and the formation of the “spongy particles” usually corresponds to the
dealloying above a certain critical size (Rayleigh critical length).***"*" This is also true in
P1-NA, where the size of the porous particles was as large as 20 nm and as small as 6 nm
(Figure 3-5a), implying the critical size is ~6 nm. This critical size is smaller than the
average particle size of P2-NA, which would lead to less porosity and less Ni leaching in
P2-NA. Moreover, this critical size of ~6 nm is smaller than that in previous studies,
which are usually 10-30 nm.***"*® One potential reason could be that we used more
oxidative hot HNOs to treat P1-NA and P2-NA, which lead to a higher Ni dissolution rate
than those non-oxidative acid (HCIO4 or H,SO4) treatment at room temperature in

248788 This is in consistent with our observation that when P2 is

previous studies.
alternatively treated by H,SO4 (P2-SA), it exhibited less porosity and higher Ni content
compared with HNOs-treated P2-NA (Figure 3-5¢ and Figure 3-5¢). Moreover, a Pt-rich
surface layer can be found in the HAADF STEM imaging and EDS mapping of all
observed P2-SA nanoparticles (Figure 3-5f). Similar Pt-rich skin can also be observed in
P2-SA-AN but not in P2-NA (Figure 3-5f), indicating the formation of Pt protective
surface layer might be the reason of the better stability in H,SOs—treated P2-SA and P2-

SA-AN.
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Figure 3-5. Bright-Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM images
with point-mode EDS (right) from catalyst particles taken from pristine CCMs. (a) and
(b) P1-NA, (c) and (d) P2-NA, (e) and (f) P2-SA, (g) and (h) P2-SA-AN. Here o
represents the standard deviation of PSD from at least 100 measurements and the

standard deviation of EDS results among 3 different locations. The insert on the top
48



right corner is the HRTEM image of a nanoparticle with a diameter of ~5 nm that

clearly shows porosity from CCM.

The average particle sizes of both P1-NA and P2-derived catalysts had a slightly
increase (~1 nm) after conditioning (Figure 3-6) and 30k cycles (Figure 3-7), but this
change was still within the experimental uncertainty. Meanwhile, large Ni loss was found
in P1-NA by EDS after conditioning and cycling (only ~1% left after 30k cycles, Figure
3-7a), which is in agreement with previous EPMA results. In contrast, P2-NA retained
more Ni (4.3%, Figure 3-7¢), and remarkably P2-SA and P2-SA-AN kept considerable
Ni (24% and 31% respectively) even after 30k cycles (Figure 3-7e¢ and Figure 3-7g).
Moreover, the big spongy particles in P1-NA before cycling disappeared and were
replaced by donut-like particles after conditioning (Figure 3-6b), which might be resulted
from the severe dissolution of highly porous particles and redeposition of Pt to form Pt-

enriched-shell particles.***"-*%%

In fact, considering the intensity in HAADF images is
proportional to the product of the thickness and Z* (Z being the atomic number), and the
EDS data in Figure 3-6b revealed that the core and surface of the particle have similar
Pt:Ni ratios, the low brightness near the particle core in Figure 3-6b can only be
interpreted as the donut-shape morphology. To support the above hypothesis, here we
calculated the relative thickness of different positions on the Pt-Ni particles using the
relationship that the intensity in the HAADF images is proportional to the product of the
thickness and Z*. Here the relative thickness is defined as t = I/ (cniZni” + cpiZpi’), where
I is the HAADF image intensity, cni and cp; are the atomic composition of Na and Pt
determined by the point EDS data, Zx; and Zp; are the atomic number of Ni and Pt. The
ratios of the relative thickness between centers and edges of particles in Figure 3-5,
Figure 3-6and Figure 3-7 are shown in Table 3-1. From Table 3-1 we can find that for
P1-NA, the thickness ratios between centers and edges are always below 1, implying
severe porosity. This is different from P2-NA after conditioning (Figure 3-6d) and 30k
cycles (Figure 3-7d), where the low brightness in the center could be attributed to the

high Pt concentration on the shells rather than the donut shape.
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Figure 3-6. Bright Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM images
with point mode EDS (right) for catalysts taken from conditioned MEA. (a)(b) P1-NA,
(c)(d) P2-NA, (e)(f) P2-SA, (g)(h) P2-SA-AN. Here ¢ represents the standard
deviation of PSD from at least 100 measurements and the standard deviation of EDS

results among 3 different locations.
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Figure 3-7. Bright-Field diffraction contrast TEM images with PSDs, Ni atomic
percentages determined from parallel-beam EDS (left) and HAADF STEM images
with point-mode EDS (right) for catalyst particles taken from 30k-cycled MEAs. (a)
and (b) P1-NA, (c) and (d) P2-NA, (e) and (f) P2-SA, (g) and (h) P2-SA-AN. Here o
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represents the standard deviation of PSD from at least 100 measurements and the

standard deviation of EDS results among 3 different locations.

Table 3-1. The ratio of relative thickness between centers and edges of particles in

Figure 3-5, Figure 3-6 and Figure 3-7. The ratio below 1 implies the porosity.

Conditions P1-NA P2-NA P2-SA P2-SA-AN
Pristine CCM
g (Figure 3-5) 0.49 0.86 1.43 1.18
+ | Conditioned MEA
% (Figure 3-6) 0.67 1.21 1.05 1.39
< | 30k-cycled MEA
(Figure 3-7) 0.72 0.92 1.09 1.02

P1-NA exhibited much worse durability not only in the high Ni loss and the high
porosity, but also in the big ORR activity drop. After 30k cycles, P1-NA showed only
~1/3 of its original mass activity and ~1/2 of its original specific activity, while P2-NA
showed almost no change in mass and specific activity considering the measurement
uncertainty (Figures 2b and 2¢). The much reduced activity of P1-NA in PEMFCs could
be attributed to a greater Ni loss near surface regions, which reduced the surface
electronic structure modifications of Pt atoms brought by transition metal alloying.'*
16.18,19.39.60.95-190 The development of a Pt-rich passivation layer is expected to improve the
resistance to base metal leaching and activity dropping, which might be another reason
for the higher durability of P2-NA than P1-NA. Meanwhile, the point EDS analysis
revealed that P2-SA-AN nanoparticles retained considerably more Ni near surface
regions than P2-SA after conditioning and 30k cycling (Figure 3-6e, Figure 3-6g, Figure
3-7e and Figure 3-7g), where no noticeable Ni loss in near surface regions was observed
after conditioning and 30k cycles. The increase in stability with the thermal annealing
observed in MEA in our study is in good agreement with previous RDE work by Wang et
al.'’! It is proposed that the exceptional stability and high mass and specific activities of
P2-SA-AN in PEMFCs can be attributed to the ability of surface regions to retain Ni,

which might be critical to maintain modified electronic structures of surface Pt atoms
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associated with Ni necessary to provide enhanced mass and specific activities relative to
pure Pt nanoparticle catalysts. This again proves the importance of surface shell to the
activity and stability of dealloyed Pt-alloy nano-catalysts, and indicates that annealing

could be a future standard process to improve the stability of Pt-metal co-shell catalysts.

3.5. Chapter 3 Conclusions

In this chapter, the evolutions of morphology, chemistry and ORR activity of
various dealloyed Pt-Ni nanoparticles were investigated before and after the voltage
cycling tests in real fuel cell setups, which provided deeper understandings to the porosity
formation and metal leaching mechanism of Pt-Ni catalysts in acid electrolyte. Several
new design principles were discovered to facilitate the formation of the Pt-rich protective
layer on the particle surface and therefore to improve the stability of Pt-Ni particles. First,
reducing the particle size below the critical value can suppress the porosity generation
and promote the formation of a Pt-rich passivation shells. Second, using less oxidative
acid to dealloy the Pt-Ni particles can further promote the formation of core-shell
structures and prevent the loss of Ni contents during ORR. Third, post-acid-treatment
annealing can lead to the formation of comparatively dense Pt shells, providing much
better resistance to Ni leaching and helping to improve both specific and mass activities
during electrochemical cycling. These observations emphasized the critical role of
particle size, acid-leaching and annealing treatment in forming Pt-rich passivation layers
and preventing transition metal loss during ORR in acid electrolyte. With the above new
design principles, new Pt-alloy catalysts that meets and exceeds the official 2017 DOE
targets of PEMFC cathode catalysts were synthesized for the first time.

53



Chapter 4. Activity and Stability Trends of Perovskite OER Catalysts

at Neutral pH

4.1. Introduction

In the precious chapters, several design principles were discovered from systematic
activity and stability studies on Pt-alloy ORR catalysts, which are widely used in
PEMFCs."? These design principles can be used to improve the catalytic performance
of Pt-based ORR catalysts to reduce the overpotential from the slow kinetics of ORR near
room temperature, which is the main source of energy loss in PEMFCs.”>'> On the other
hand, the OER, which is the reverse reaction of ORR, also suffers from the slow kinetics
near room temperature. The overpotential loss from OER is the major source of energy
loss in water splitting electrolyzers'*® and rechargeable metal-air batteries.*” Therefore,
the development of new OER catalysts with higher activity and longer durability is
critical to improve the efficiency of these electrochemical technologies in pursuit of

sustainable energy.

Following the same philosophy we used to improve the catalytic performance of Pt-
based catalysts for ORR, for OER we are also looking for the stability and activity trends
by varying the chemistry to adjust the electronic and atomic structures of the catalysts.
Among many different kinds of OER catalysts, perovskite transition-metal oxides (ABOs3)
have raised great interests, not only because they have comparable activities to precious-
metal-oxides catalysts in high-pH alkaline solution, but also because the great freedom in
changing their chemistry, which makes them a good modeling system to systematically
study the relationship between OER catalytic performance and various basic material

- o 26-31,103
properties. ’

Previous studies of perovskite OER catalysts mainly focused on the
high-pH applications (e.g. pH 13 or 14), where people found that the perovskites with an
e, occupancy close to unity” or an O 2p-band center close to the Fermi level®® exhibited
higher specific OER activity in alkaline electrolyte. However, if the O 2p-band of the
perovskite is too close to the Fermi level, like in BSCF, surface oxygen redox during the

OER may lead to surface amorphization and A-site loss (Ba or Sr in BSCF) at pH
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13.2%3%% The stable (double)perovskite oxides with the highest specific OER activity

found so far was PBCO.”® Meanwhile, OER is not only critical for high-pH applications,
but also important for many electrochemical devices operated at neutral or slightly acidic
operation conditions to avoid carbonate formation, including cocatalysts for

64142 water-oxidation-coupled CO, reduction'” and rechargeable Zn-air

photoanodes,
batteries.'” However, so far, the stability and activity of perovskite oxides at neutral pH
are still poorly understood, and the design principles of neutral-pH OER catalysts are

highly needed.

In this chapter, the evolutions of OER activity, particle morphology and chemical
contents during the OER at pH 7 and pH 13 were studied on various perovskite catalysts,
including LaCoOs (LCO), LaNiO; (LNO), LaMnOs; (LMO), LaFeOs; (LFO), BSCEF,
PBCO, and SrCo0;.5 (SCO).”" It is observed that the OER activity descriptors discovered
previously at high pH, such as e, filling numbers and O 2p-band positions, are still
effective at neutral pH. However, the OER activities of all perovskite oxides dropped
dramatically at neural pH. Meanwhile, the stability trend of perovskite oxides at pH 7 is
different from that at pH 13. By combining electrochemical characterization and TEM
results, two different corrosion mechanisms at pH 7 were identified. For perovskites with
the oxygen 2p-band center closer to the Fermi level, the chemical degradation with A-site
atom leaching was observed, which is consistent to the prediction from the
thermodynamic stability (Pourbaix diagram). While for perovskites with the oxygen 2p-
band center farther away from the Fermi level, the oxidative degradation mechanism with
B-site leaching only under high current/overpotential was observed, which is consistent

to the results of density function theory (DFT) calculation using local leaching model.

4.2. Experimental Methods
Materials preparation

Perovskite catalysts were synthesized using a conventional solid-state route.” IrO,
(99.99%) were bought from Alfa Aesar Premion as the precious-metal oxides reference.

The specific surface area of each oxide sample was determined using Brunauer—-Emmett—
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Teller (BET) analysis on a Quantachrome ChemBET Pulsar from a single-point BET
analysis performed after 12 h outgassing at 150 °C.

Electrochemical measurements

The RDE configuration was used for electrochemical measurements in this chapter,
with a rotatable working electrode at the rotation speed of 1600 rpm, a Pt wire as the
counter electrode, and a SCE (Pine Instrument Co.) as the reference electrode. All
potentials were calibrated to the RHE scale using Ho/H" redox. The ink of the oxides
were prepared by dissolving 20 mg of oxides, 4 mg of acetylene black carbon and 4 mg
of Nafion® in 4 ml of THF, following by 1 h of ultra-sonication. Working electrodes
were prepared by drop-casting 10 pL of oxide ink on a polished 0.196 cm® glassy carbon
electrode, as described previously.”® The oxide loading is 0.25 mge/cm’ig. 0.1 M KOH
(Sigma-Aldrich, 99.99%) solution prepared with DI water (18 MQ) is used as the pH 13
electrolyte, while the pH 7 electrolyte was prepared with 0.4 M NaH,PO,4 (Sigma-
Aldrich), 0.6 M Na;SOj4 (Sigma-Aldrich), proper amount of NaOH (Mallinckrodt) and
proper amount of DI water. A scan rate of 10 mV/s and a scan range between 1.1 and 1.8
V vs. RHE were used for all CV measurements. All CV, galvanostatic and potentiostatic
OER measurements were done in O, (99.999%, Airgas) saturated and bubbled
electrolyte. Error bars in all activity data represent the standard deviation of multiple
independent measurements. Ohmic losses were corrected by subtracting the ohmic
voltage drop from the measured potential, using an electrolyte resistance determined by
high-frequency alternating current impedance. The system resistance measured in pH 7
electrolyte (~15 Q) is smaller than that in pH 13 electrolyte (~40 Q), and therefore the
Ohmic drop within the narrow pores'® might not be a reason for the activity reduction

observed at pH 7.
TEM characterizations

TEM samples of pristine oxides were prepared by dropping the catalyst ink onto
lacey carbon coated Cu TEM grids (Electron Microscopy Science). TEM samples of
post-OER oxides were prepared by directly scratch the working electrode with Cu TEM
grids after OER measurements. TEM images in this work were taken on JEOL 2010F

operated at 200 kV with a point resolution of 0.19 nm. Bright field diffraction contrast
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imaging was used to determine particle size distributions and general morphology of the
catalyst nanoparticles. The digital images were analyzed using Gatan Digital Micrograph
v2.01 (Gatan Inc.) and ImageJ v1.44p (National Institute of Health, USA). HRTEM
images were recorded without an objective aperture and were analyzed using Gatan
Digital Micrograph. Parallel-beam EDS data were collected and the atomic compositions
were determined using INCA (Oxford Instruments). For each oxides sample, three
different spots with a diameter of ~ 200 nm were used to collect the bulk chemical
composition, while three different spots with a diameter of ~ 5 nm at the particle edges
were used to collect the surface chemical composition. Error bars in all EDS data

represent the standard deviation of the results on multiple spots.
DFT studies

Spin polarized DFT calculations of the O 2p-band center were performed with the
Vienna Ab-initio Simulation Package (VASP)'”’ using a plane wave basis set, the GGA-
Perdew-Wang-91'% exchange correlation function, and the Projector Augmented Wave
(PAW) method.'"” An effective O 2p-band center of each perovskite systems was
determined by taking the centroid of the projected density of states of O 2p states relative
to the Fermi level. In addition, the leaching reaction energies of perovskites were
calculated with the same DFT approach described above. The detailed parameters and

DFT method can be found in the previous work.”’

4.3. Activity and Stability Descriptors at Neutral pH

Micron-sized LCO was firstly used to investigate the stability window of
perovskites in pH 7 electrolyte (0.4 M NaH,PO4 and 0.6 M Na,SO4 balanced by proper
amount of NaOH). At high pH, LCO was known to be stable,>"* which was verified
here in CV measurement from 1.1 to 1.8 V vs. RHE (Figure 4-1a), in galvanostatic
measurement up to 50 pA/cm’ (Figure 4-1b), and in potentiostatic measurements up to
1.78 V vs. RHE (Figure 4-1c) at pH 13. However, in the pH 7 electrolyte, LCO not only
showed obvious decrease in OER activity (Figure 4-1d), but also became unstable at high

current (Figure 4-1e) or high voltage (Figure 4-1f) accompanied with further considerable
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OER activity decrease. A similar instability under high OER current/potential at pH 7 can
also be found in LNO (Figure 4-2), LMO (Figure 4-3) and LFO (Figure 4-4). In general,
the perovskite oxides become less stable at pH 7, especially under high OER current or
overpotential, implying the stability becomes a more critical issue at neutral pH
compared to that at high pH. The degradation mechanism of these perovskite oxides
under more oxidative conditions at neutral pH will be discussed in a later session. To
avoid the influence of catalyst degradation, in the following studies of OER activity

descriptors, a much smaller OER current of 5 pA/cm’o, will be employed.
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Figure 4-1. Electrochemical measurements of the LCO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments at
various current densities. (c)(f) Potentiostatic experiments at various voltages. (a)-(c)

was measured at pH 13, while (d)-(f) was measured at pH 7.
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Figure 4-2. Electrochemical measurements of the LNO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments at
various current densities. (c)(f) Potentiostatic experiments at various voltages. (a)-(c)

was measured at pH 13, while (d)-(f) was measured at pH 7.
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Figure 4-3. Electrochemical measurements of the LMO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments at
various current densities. (c)(f) Potentiostatic experiments at various voltages. (a)-(c)

was measured at pH 13, while (d)-(f) was measured at pH 7.
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Figure 4-4. Electrochemical measurements of the LFO OER activity. (a)(d) CV
experiments, where numbers indicate cycles. (b)(e) Galvanostatic experiments at
various current densities. (c)(f) Potentiostatic experiments at various voltages. (a)-(c)

was measured at pH 13, while (d)-(f) was measured at pH 7.

After examining more samples, we found that all the perovskite OER catalysts in
our study showed reduced OER activities at pH 7 compared with those at pH 13 (Figure
4-5). The increase of overpotential at 5 pA/cm’o, varied from 150 to 300 mV on different
perovskites when to change the pH from 13 to 7. A potential reason for the activity
reduction at pH 7 could be the surface poisoning by phosphate buffer. Meanwhile,
commercial IrO, had less than 30 mV increase of OER overpotential from pH 13 to pH 7
(Figure 4-5), implying IrO, had a high resistance to surface poisoning and a good
chemical stability across a wide pH range compared with perovskites.”**''*!"'! We also
found that at low overpotentials, perovskites showed comparable Tafel slopes at pH 7
(~100 mV/dec) compared to pH 13 (~70 mV/dec). While at high current (i.e. high
overpotential), these oxides showed much larger Tafel slopes (~300 mV/dec), see Figure
4-5a, which might be related to the instability of the structure at high current/voltage

discussed in the previous session.
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Figure 4-5. (a) Tafel plots of LNO, LCO, BSCF and PBCO at pH 7 and 13, obtained
from galvanostatic measurements. (b) The O 2p-band center trend at pH 7 of selected
oxides at 5 pA/ecm’. (c) The O 2p-band center trend at pH 13 at 5 pA/cm’,. The
horizontal lines in (b) and (c) represent the activity of IrO; at 5 uA/cmZOX. Here O 2p-
band positions were calculated using DTF. All activities were obtained from

galvanostatic measurements after 2 h. The error bars in above figures represent the

O p-band relative to E_ (eV)

standard deviation of multiple measurements.

Next step, we checked whether the OER activity descriptors for perovskites
established at pH 13°** are still valid at pH 7. As mentioned before, to avoid the unstable
region at high current/voltage for many of these perovskites at pH 7, we compared the
overpotential at a low specific current of 5 pA/cm’y at pH 7 (Figure 4-5b) and pH 13
(Figure 4-5c). It demonstrated that perovskites have higher OER activity when their O
2p-band is closer to their Fermi level at both pH 7 and pH 13. In addition, an e,

61



occupancy close to unity is also found to be related to high OER activity at both pH 7 and
13 (Figure 4-6). Therefore, we can conclude that the OER activity descriptors for
perovskites previously found at pH 13 can be extended to pH 7, which means we can use

similar approaches at high pH to develop OER catalysts at neutral pH.

IrO,

-iR (V vs. RHE)

E

0.0 05 10 15 20 25
egelectrons

Figure 4-6. OER activity vs. e, electron filling at 5 nA/em’,y under pH 7 and 13. Two
“volcano plots” can be found, with much lower activities at pH 7. Those materials with
quota marks in the names are the catalysts that are not stable at 5 pA/cm’y, at pH 7.
The horizontal lines represent the activity of IrO, at 5 pA/cm’o,. The black lines are

only for eye guidance.

4.4. Two Degradation Mechanisms of Perovskite Oxides at Neutral pH

The stability of these perovskites before and after OER at pH 7 was analyzed by
TEM. It is worth noting that although the same activity descriptor from pH 13 can be
used at pH 7, the stability trends at pH 7 are very different from that at pH 13. Firstly, the
amorphization region of perovskites (shaded region in Figure 4-5b and Figure 4-5c¢)
extended at pH 7, where the oxides show amorphized surface after OER. As an example,
PBCO remained stable after OER at pH 13, but became amorphous after OER at pH 7
(Figure 4-11). Secondly, the perovskites in the stable region (unshaded region in Figure
4-5b and Figure 4-5c¢), like LCO, could be stable up to 50 pA/cm’, at pH 13, but
showed surface amorphization at pH 7 under such high current (Figure 4-7a),
accompanied by the loss of B-site elements (i.e. Co in LCO, shown in Figure 4-7b). This

was also observed in other perovskites with O 2p-band away from the Fermi level
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including LNO (Figure 4-8), LMO (Figure 4-9) and LFO (Figure 4-10), which are all
stable under 5 pA/cm?, but become unstable under 50 pA/cm?,, at neutral pH with B-
site elements leaching. Thirdly, the perovskites with the O 2p-band closer to the Fermi
level like PBCO became surface amorphized (Figure 4-11a), which was associated with
loss of A-site elements, (i.e. Pr and Ba in PBCO, shown in Figure 4-11b) at current
densities as low as 1 pA/cm’, and even after soaking at pH 7 for 2 h without applying
any current/potential. This is also true for BSCF (Figure 4-12) and SCO (Figure 4-13),
whose surfaces become amorphized after OER or just soaking at pH 7 with A-site
elements leaching. The above observations demonstrated that the O 2p-band is an
important stability descriptor for perovskite OER catalysts at neutral pH, which
determines two different degradation mechanisms, and requires different optimization
methods in the future. For oxides with an O 2p-band far away from the Fermi level (e.g.
LCO), it is critical for the development of more stable electrocatalysts to stabilize the
electroactive B-site against the degradation, especially at higher current densities. While
for oxides with an O 2p-band close to the Fermi level (e.g. PBCO), A-site leaching
should be prevented under all current and voltage ranges by adding A-site element salts

into the electrolyte or adding protective layer on the surface of the oxides.
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Figure 4-7. (a) TEM images and (b) EDS-determined chemical compositions of LCO
in pristine state and operated at 0 (soaking), 5 and 50 uA/cm?y for 2 h at pH 7. The

error bars in (b) represent the standard deviation of multiple spots.

63



LNO

Pristine
ol® Surface
OBulk
LNO ol La
Soaked :
0 L

Ni

o o
T T

LNO
50 uAlcm?,,

Pristine
Soaked -
5 uAr
50 uA T+

Figure 4-8. (a) TEM images and (b) EDS-determined chemical compositions of LNO
in pristine state and operated at 0 (soaking), 5 and 50 uA/cm?y, for 2 h at pH 7. The

error bars in (b) represent the standard deviation of multiple spots.
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Figure 4-9. (a) TEM images and (b) EDS-determined chemical compositions of LMO
in pristine state and operated at 0 (soaking), 5 and 50 wA/cm?y, for 2 h at pH 7. The

error bars in (b) represent the standard deviation of multiple spots.
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Figure 4-10. (a) TEM images and (b) EDS-determined chemical compositions of LFO
in pristine state and operated at 0 (soaking), 5 and 50 wA/cm?y, for 2 h at pH 7. The

—
O
~

N
o

w
o
T

D ~
o o

Chemical Composition (at.%)
0
o

| ® Surface
OBulk

La
g—e=—e—"

o— —
E—t—0 .,

Pristine -
Soaked
5 uAr
50 uAr+

error bars in (b) represent the standard deviation of multiple spots.

Pristine

PBCO
1 uAlem?,,

PBCO
5 uAlcm?Z,,

Figure 4-11. (a) TEM images and (b) EDS-determined chemical compositions of
PBCO in pristine state and operated at 0 (soaking), 1 and 5 pA/cm?s for 2 h at pH 7.
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The error bars in (b) represent the standard deviation of multiple spots.
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Figure 4-12. (a) TEM images and (b) EDS-determined chemical compositions of
BSCF in pristine state and operated at 0 (soaking), 1, 5 and 50 pA/cm’y for 2 h at pH

7. The error bars in (b) represent the standard deviation of multiple spots.
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Figure 4-13. (a) TEM images and (b) EDS-determined chemical compositions of SCO
in pristine state and operated at 0 (soaking), 1 and 5 pA/cm’y, for 2 h at pH 7. The

error bars in (b) represent the standard deviation of multiple spots.

Traditionally, people use Pourbaix diagrams to predict the thermodynamic stability

of species under various pH and voltages. For the perovskites studied in this chapter, the
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Pourbaix diagrams predict the instability of A-site atoms at pH 7 in the OER region for
oxides from both the stable region (Figure 4-14) and the amorphized region (Figure
4-15), which is not fully consistent with the experimental observation that A-site leaching
was only observed for oxides in the amorphized region. A potential explanation is that
the kinetics of A-site leaching was sluggish for those oxides with O 2p-bands far from the
Fermi level; in contrast, these oxides tended to leach more B-site cations under high
current/potential at pH 7. To explain the B-site leaching in those perovskites with O 2p-
bands far from the Fermi level under high potential/current conditions at pH 7, we
performed DFT calculations on LCO to estimate the thermodynamic driving force of La
(A-site, see Figure 4-16a) and Co (B-site, see Figure 4-16b) as a function of the degrees
of elements leaching. It can be found that at 1.23 V vs. RHE, the free energy increased as
a function of the leaching degree for both A-site and B-site leaching (blue bars in Figure
4-16), indicating that at 1.23 V vs. RHE, the pristine structure is thermodynamically
stable. When the voltage is increased to 1.75 V vs. RHE, which is the voltage needed to
apply an OER current of 5 pA/cm’, on LCO, the free energy of both A-site and B-site
leaching cases reached the lowest values at x or y = 0.25. This means under low
current/overpotential, thermodynamically LCO tends to be stablized at limited surface
leaching stages. After limited A or B site elements loss from the surface, the leaching will
stop, leading to the stability of LCO under low current/overpotential at pH 7. On the
contrary, when the voltage is 2.33 V vs. RHE, which corresponds to the OER current of
50 pA/ecm’,, on LCO, DFT calculation shows the free energy decrease with the leaching
degrees. This implies that thermodynamically, LCO will tend to continuously lose the A-
site and B-site elements at pH 7 under high current/overporential conditions, which is
consistent to the surface amorphization observed under TEM. The DFT calculation also
shows that under the high current/overpotential conditions, the thermodynamic driving
force of the oxidation of B-site ions that is associated with amorphization and phase
separation (such as a CoO, phase) is much higher than the leaching of La’*, suggesting
the loss of B-site elements could be faster than that of A-site elements, which is also
consistent to the TEM and EDS observations. More details of the DTF calculation could
be found in Ref. *'. These DFT results demonstrate that the surface degradation process

kinetically determined the stability of perovskite oxides at neutral pH. Even the bulk
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calculation (Pourbaix diagram) predicts the instability of LCO at pH 7, the DFT

calculation on the surface allows LCO to be stable under lower current/overpotential.

L33+, Co3*

E (Vvs. SHE)

Figure 4-14. Pourbaix diagram of the Co-La-O(H) system predicted by DFT (data from
materialsproject.org). Dashed lines indicate HyH" and H,O/O,. Co and La cation

concentrations were assumed to be 10° M in the electrolytes.
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Figure 4-15. Pourbaix diagram of the Pr-Ba-Co-O(H) system predicted by DFT (data
from materialsproject.org). Dashed lines indicate Ho/H™ and H,O/O,. Pr, Co and Ba

cation concentrations were assumed to be 10° M in the electrolytes.
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Figure 4-16. The computed DFT leaching reaction energies of (a) La leaching and (b)
Co leaching in LCO at various La vacancy concentration (x) and Co vacancy
concentration (y), at applied potential of 1.23 V (blue), 1.75 V (red), and 2.33 V
(green) vs. RHE at pH 7.

4.5. Chapter 4 Conclusions

In summary, by systematically studying the activity and stability of OER perovskite
catalysts at pH 7, we found that both an e, occupancy close to unity and an O 2p-band
close to the Fermi level lead to higher OER activity at pH 7, which are activity
descriptors previously discovered at high pH. Meanwhile, two different dissolution
mechanisms were discovered at pH 7, which are closely related to the O 2p-band position
of the perovskites. Perovskites with O 2p-band close to the Fermi level showed leaching
of A-site cations and surface amorphization at any condition in pH 7 electrolyte, while
the perovskites with O 2p-band far from the Fermi level were stable under low
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current/potential but suffered from phase separation of B-site cations at high
current/potential. Cation leaching plays a more important role for instability at pH 7 as
compared to pH 13 because of the much higher OER overpotential under the same
current at neutral pH. Therefore, it is necessary to identify the key material challenges
faced in the design of efficient and stable non-precious-metal oxides catalysts for
electrochemical devices at neutral pH, such as the A-site vs. B-site instability in different
perovskites. Optimized design strategies need to be devised to address both challenges

separately.
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Chapter 5. Environmental TEM Study of Structural Oscillations and

Oxygen Evolution in Perovskite Oxides

5.1. Introduction

Previous discussions in Chapter 4 demonstrate that the electronic structures of
perovskite oxides have great influence to the activity and stability during the OER.
Having O 2p-band closer to the Fermi level brings faster OER kinetics but also surface
amorphization to the oxides. In fact, the interaction between water and oxides is not only

critical to the stability and activity during the OER, but also important to the surface

112-115 114,116-118

. 114 - .
photocatalysis, Sensors, and proton conducting ceramic

119-122

wetting,
membranes. Recent studies have shown that decreasing coverage of hydroxyl
groups on perovskite oxide surface at the water/oxide interface not only reduces wetting
and but also enhance oxygen reduction kinetics in basic solution.'” Moreover, the
formation and transportation of oxygen vacancies (V;°) can affect the interaction between
water and perovskite oxides by allowing the water to intercalate into the perovskites via
water incorporation reaction: H,0 + V3* + 0 — 20Hg (here OF and OHg represent the
oxygen atom and hydroxyl group in the lattice oxygen site, respectively).''*'**'** On one
hand, this water intercalation process makes it possible to use perovskites as the solid

119,120
4% and

electrolyte (i.e. proton conductors) in fuel cells,'”'**'** hydrogen pumps
hydrogen sensors.'*” On the other hand, the insertion of water molecules into the oxygen
lattice with the help of oxygen vacancy maybe related to the surface amorphization of the
OER-active perovskites whose O 2p-band is closer to the Fermi level and therefore the
oxygen vacancy formation energy is low. It is of great significance to examine the
interaction between water and oxides such as BSCF, which contains high concentrations

of oxygen vacancies and shows high water uptake,'” high OER activity,**"'**!** fast

43,126,12 : :
oxygen surface exchange, ™ ™ 7 fast oxygen 10n transportatlon128

and low energy
penalty of oxygen vacancy formation.'*® However, most of the previous studies on the
interaction between water and perovskite are ex situ, meaning the interaction results

rather than the kinetic interaction processes were observed after taking the perovskites
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out of the water. To study the complicated interactions between water and oxides that are
far away from the equilibrium conditions, we need the help of in situ characterization
techniques.

Traditional in situ oxides characterizations in water environment include wetting

angle measurements,'> ambient pressure X-ray photoelectron spectroscopy (APXPS)'**

131 132,133

and environmental electron microscopes. In this chapter, we focused on the in
situ ETEM technique, which allows atomic-scale observation of the interaction between
gas(vapor)/liquid and the surface/subsurface layers of materials.””*'*> As an example,
previous ETEM studies showed that the electron beam in TEM chamber is able to split
water on Pr;4CayMnOs, observed by the formation of SiO, from SiH4 placed within the

chamber to react with the generated O, gas."’*'*’

However, the interpretation of these
observations could be ambiguous, since the amorphous SiO, formed on the oxides
surface might come from the side reactions of SiH4 with H,O rather than with 0,.1*% The
direct experimental evidence of the oxygen evolution in ETEM is still missing.
Meanwhile, spectroscopic information can be obtained through EELS using electron
microscopes. For example, a recent environmental scanning electron microscope (ESEM)
study provided direct evidence of water trapping in the multilayer graphene oxide
membrane using EELS."?* Therefore, combining in situ ETEM with EELS is a powerful

approach to study the interactions between water vapor and oxides, especially those

oxides prone to bulk uptake of water.

Inspired by the in situ observation proposed above, in this chapter, we applied
ETEM observations on BSCF and other perovskite oxides in water environment.
Dramatic “breathing-like” structural oscillations of BSCF were observed with the
formation and collapse of gaseous bubbles in this material. In contrast, no structural
oscillation is observed when exposing BSCF in high vacuum (HV) or in presence of O,
under electron beam (e-beam). Increasing the e-beam dose rate or the water content
increased the oscillation frequency but decreased the oscillation amplitude. The
formation of O, was observed by EELS during the structural oscillations, suggesting the
bubble formation is related to the oxygen evolution in the bulk of BSCF under electron

beam irradiation. On the contrary, the structural oscillations were weakened or absent for
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SCO, LSC, and LCO with less oxygen vacancy and lower oxygen ion mobility, which is
likely caused by their O 2p-band farther away from Fermi level. This work provides
direct experimental proof of the oxygen evolution under ETEM and the first observation
of structural oscillation caused by the water splitting inside of oxides, which provided

nano-scale observations of the interaction between water and perovskites.

5.2. Experimental Methods
Material preparation

BSCF, LCO, SCO, and LSC were synthesized using a conventional solid-state
route.”® The specific surface area of each oxide sample was determined using BET
analysis on a Quantachrome ChemBET Pulsar from a single-point BET analysis
performed after 12 h outgassing at 150 “C. LCO, SCO and Lag 5SrysC00s.5 (LSC) were
synthesized by conventional solid-state routes.”® The synthesized oxides were ground and
then annealed a second time in air at 1100 °C for LCO and LSC, following by slowly
cooling down to room temperature. The SCO was prepared by sintering at 1300 °C for 24
hours and quenched to room temperature. All oxides reported in this chapter are single-
phase, as analyzed by X-ray diffraction using a PANalytical X’Pert Pro powder
diffractometer. The structural information can be found in Table 5-1. The TEM samples
were prepared by milling and directly dropping dry powders onto the lacey carbon or SiN
TEM grid without dispersing in any solutions, to prevent the contamination of water or

other solvent.

Table 5-1. Crystal structures and lattice parameters of oxides perovskites used for

ETEM characterization in Chapter 5.

Compound | Space Group a(A) b (A) c(A)
BSCF Pm-3m 3.981(2) | 3.981(2) | 3.981(2)
LCO R-3¢ 54402) | 5.440(2) | 13.090(4)
LSC P4/mmm 3.833(7) 3.833(7) 3.804(5)
SCO Imma 5.480(2) 15.768(5) 5.543(4)
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ETEM characterizations

TEM and HRTEM images, as well as the electron diffraction patterns (EDP) shown
in this chapter were taken using an aberration corrected field emission gun transmission
electron microscope, FEI Titan S/TEM, operated at 80 kV. The phase field was tuned to
~20 mRad. The pressure of the HV condition was 10° Torr. During the ETEM
experiments, up to 100 mTorr of H,O vapor was introduced into the TEM chamber. The
in situ videos containing TEM images and EDP were recorded using the video capture
mode in the FEI TEM Imaging & Analysis software. All videos are presented at the real-
time frame rates at which they were acquired. In each movie, the diameter of the most
obvious hollow structure (bubble) was measured frame-by-frame to monitor the
oscillation amplitude and frequency. EELS with the energy resolution was ~ 1 eV was
collected in the diffraction mode using a Gatan Tridiem post-column energy filter, and
the energy axis was calibrated using the zero loss peak. The e-beam spot for EELS
measurement is ~ 50 nm in diameter, and the acquisition time is ~ 5 min for each
spectrum. The electron beam intensities were as reported by the FEI Titan software,

based on calibrated readings of the electron beam current on the larger phosphor screen.

5.3. Structure Oscillations of BSCF in H,O Vapor under e-beam

BSCF was found stable in HV under 80 kV e-beam in TEM chamber (Figure 5-1a)
and its electron diffraction patterns (EDP) showed a stable cubic structure with the
Pm3m space group (Figure 5-2a), consistent with previous studies.” This means e-beam
accelerated up to 80 keV does not have obvious influence to the atomic structure of

BSCF.
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Figure 5-1. (a) TEM images of BSCF in BSCF (chamber pressure < 10 Torr, e-beam
dose rate of 1450 e/A%s) (b) TEM images of BSCF in O, gas (80 mTorr O, e-beam
dose rate of 500 ¢/A’s).

Upon introduction of 30 mTorr of H,O vapor under the e-beam dose rate of 1 e/A’s,
several dynamic bubble-like hollow structures formed on the BSCF particle, seen at the
edge of the particle in Figure 5-2¢ with continuous breathing-like inflation and shrinking
oscillations. When increased the H,O pressure to 10 mTorr and the e-beam dose rate to
10 e/A%s, a faster and larger scale breathing motion can be observed (Figure 5-2d). To
evaluate the amplitude and frequency of the breathing motion, we measured the diameter
change of the largest bubble in the view over time during both slow and fast oscillations,
as shown in Figure 5-2e and Figure 5-2f, which demonstrated that higher H,O pressure
and higher e-beam dose rate could fasten the oscillation. Such breathing-like oscillation
was continuously observed for more than 10 minutes, and stopped immediately upon
removal of H,O from the microscope, as indicated by the return of the HV base pressure
(~10° Torr). In contrast, no structural oscillation was observed on BSCF under up to 80
mTorr of O, and 500 e/A%s of electron dose rate (Figure 5-1b), implying the structural
oscillation is closely related to the interaction between oxides and water, rather than the
high pressure of other gases in the ETEM chamber. Remarkably, our in situ EDP showed
that the core of BSCF kept its original Pm3m crystalline structure during the oscillations,
with the appearance and disappearance of diffraction reflections resulting from real space
rotations of the crystalline lattice (Figure 5-2g and Figure 5-2h). More images of the

structural oscillations that occur in BSCF can be found in Figure 5-3.
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Figure 5-2. (a) TEM images and EDP from a pristine BSCF particle (Particle A). (b)
TEM images and EDP from BSCF in the HV, following the structural oscillations.
EDP were collected from the entire particle. (c) Images extracted from a video of the
structural oscillations, in mild conditions (30 mTorr H,0, e-beam dose rate of 1 ¢/A’s).
(d) Images extracted from a video of the structural oscillations obtained in a harsher
condition (50 mTorr H,0, e-beam dose rate of 10 e/A”s). The blue dashed lines in (c)
and (d) are guides to help in the comparison of the motion of the particle edges. (e) and
(f) present quantitative measurements of the changes in bubble size vs. time under the
mild and harsher conditions, respectively. (g) and (h) present EDP from BSCF under
the mild and harder conditions, respectively. The number of seconds shown in panels
(c)-(h) represents the passage of time after the initiation of the environmental stimulus.
The faint white-dotted lines superimposed upon the EDP in panels (a), (b), (g) and (h)

show the expected location of the standard reflections for BSCF.
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Figure 5-3. TEM images of another BSCF particle (Particle C) (a) before, (b) during
slow, (c¢) during fast and (d) after breathing motion. Slow breathing condition: 10
mTorr H,O and 20 e¢/A’s e-beam dosing. Fast breathing condition: 10 mTorr H,O and
100 e/A’s e-beam dosing. The right image in panels (a) and (d) are the fast fourier
transform of the corresponding HRTEM image in the middle of each panel, patterned
by standard BSCF perovskite structure. The orange circle in the left image of penal (a)
represents the EELS collecting region of the results in Figure 5-5.

To study the influence of H,O and e-beam on the oscillatory motions, the bubble
size evolution were measured under lower vs. higher water pressure on Particle B (Figure
5-4a) and under lower vs. higher e-beam dosing on Particle C (Figure 5-4b). By counting
the number of peaks in unit time and measuring the spanning of size evolution during
each oscillation, we calculated the frequencies and amplitudes of the oscillation of hollow
structures on multiple particles under a range of e-beam dose rates and H,O vapor

conditions, as shown in Figure 5-4c and Figure 5-4d. Figure 5-4 showed that having both
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e-beam and H,O vapor are critical to trigger the breathing. Neither high e-beam with too
low H,0 pressure (e.g., Particle D in 0.11 mTorr H,O under 500 /A’ in Figure 5-4c) nor
too low e-beam with high H,O pressure (e.g., Particle C in 1 mTorr H,O under 20 e/A%s
in Figure 5-4c) can trigger the breathing motion. Moreover, both higher e-beam and
higher H,O partial pressure could increase the frequency of motion at a slight or none
cost to the displacement of particle breathing (Figure 5-4c and Figure 5-4d). For example,
for Particle B under e-beam dosing of 40 e/A’s (Figure 5-4a), when the H,O pressure
increased from 0.4 mTorr to 11 mTorr, the breathing frequency increased from 0.29 to
1.25 Hz, while the maximum displacement decreased from 20.5 to 13.5 nm. Similarly for
Particle C in Figure 5-4b, in 10 mTorr H,O, when the e-beam increased from 20 to 100
e/A%s, the breathing frequency increased from 0.03 to 0.55 Hz, while the maximum
displacement decreased from 14 to 8 nm. Such water and e-beam dependence indicates
that the breathing motion should originate from a reaction that involves both electrons
and H,O, which may lead to the generation of a gas not only on the surface, but also
under sub-surface layers of BSCF to cause the expansion/ contraction of the oxide lattice.
This sub-surface gas creation causes the observed expansion/contraction of the oxide
lattice. The increased rate of gas generation may also cause the hollow structure to
collapse more quickly, which can explain the slightly decreased maximum displacement

of the structural oscillations observed in harsher reaction conditions.

78



(@ [Particle B, 11 mTorr, 40 /A% (b)  [Particle C, 10 mTorr, 100 e/A%s
* o
fx, 2 23R 22N AR AR

10| LY WM
N| oo SMA C A 2 (%
of ¥ ¥V o
g | Particle B, 0.4 mTorr, 40 e/A’s £ |Particle C, 10 mTorr, 20 e/A’
o '&"".: % B .
A L Iy W2 L0 nm] ™~ ~
A JRF e S A Y o
¢ ‘. .f ..: X e o
5 10 15 20 30 40 50 60
Time (s) Time (s)
(c) —~ (Particle A Particle B Particle C ParticleD g
N 6 3
c L Or
53
=c4
[§]
@ >
O E,' 2
[
0
H,0
(mTorr)
d
@ 25 ik
€ s g
£20[ g

(mTorr)

Figure 5-4. (a) Bubble size (average diameter) evolution of Particle B over time in the
presence of an e-beam dose rate of 40 ¢/A’s and a H,O pressure of 0.4 and 11 mTorr.
(b) Bubble size evolution of Particle C over time in the presence of 10 mTorr H,O
pressure and an electron dose rate of 20 and 100 e/A%. (c) and (d) are the frequency
and displacement of the structural oscillations as a function of different e-beam dose
rate and H,O pressure, as indicated, respectively. Particle A, B, C and D represent
different BSCF particles, differentiated by color. The numbers under columns
represent the H,O pressure in the unit of mTorr. The numbers above columns represent

the e-beam dose rate in units of e/ A’s.

After back to HV conditions, the HRTEM image showed an amorphization layer (~2
nm) on the surface of Particle A, with the particle core remain perovskite with the space
group of Pm3m (Figure 5-2b). A similar amorphized layer was also observed in other
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particles (Figure 5-3d) after the structural oscillation. We speculate that the amorphous
layer forms from the residue of the bubble structures that are created during the e-beam
induced BSCF oscillation. We note that the core of the BSCF particles remained

unchanged, which is consistent with the in situ EDP observations.

5.4. EELS Evidence of Oxygen Evolution from BSCF

To further reveal the chemical change of BSCF during breathing and the potential
reaction causing such oscillation, EELS was collected before and during the breathing
motion (i.e. before and during the introducing of H,O vapor into TEM chamber). The
EELS data in Figure 5-5 showed no appreciable change in characteristic peaks in O K-
edge spectra of BSCF"’ before and during the structural oscillation, indicating the bulk
of BSCF particle is chemically stable during the breathing process, consistent with the
previous observations in HRTEM images and in situ EDP. The increase of molecular O,
characteristic peak ~531 eV suggests the generation of O, gas,””® as shown in Figure
5-5a. In order to further confirm whether O, was generated during the oscillations, the
low energy region of EELS from 15 to 40 eV was investigated (Figure 5-5b). In addition
to the H:1s-O:2p peak from H,O vapor, which could also be assigned to the H-H peak
from H»,, we also observed a notable O, low loss peaks that can be compared to the
reference peaks of H,O, H, and O, in this low energy region in Figure 5-6. The
distinction of the spectra for BSCF in water from a superposition of the dry oxide low
loss and reference H,O vapor (Figure 5-6) suggests the evolution of molecular oxygen

rather than the background signal from H,O environment.
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Figure 5-5. EELS of BSCF before (“BSCF in HV”) and during (“BSCF in H,O”) the
structural oscillations, in the energy ranges associated with the (a) O K-edge and (b) H
K-edge / O, low loss region, respectively. The “BSCF in HV” spectra were collected in
10 mTorr HV under an electron dose rate of ~ 200 e/A%s, while the “BSCF in H,O”
spectra were collected in 10 mTorr H,O under an electron dose rate of ~200 e/A’s. The
sample region from which this EELS data was collected is shown in Figure 5-3a. The
reference spectra of the O, gas (“O,”) and H,O vapor (“H,0”) are also collected in 10
mTorr O, and 30 mTorr H,O, respectively. The characteristic peaks of BSCF, O,, H,O

and carbonate were labeled in black, red, blue and green, respectively.
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Figure 5-6. Reference EELS for H K and low loss region of water (green), pure H, gas

and pure O, gas, provided by Dr. Eric Stach from previous study.'*
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At the same time, several characteristic peaks of carbonate including O:2p-COs:2sp
peak in the O K-edge"’ (Figure 5-5a) and C: 1s/n*-O:2p and C:1s/c*-O:2p peaks in the
C K-edge'*” (Figure 5-7a) were found to increase in the breathing condition, indicating
the formation of carbonates (BaCOs;, SrCOs, etc.) during breathing, which might be
caused by a reaction between BSCF and the supporting lacey carbon from the TEM grid.
This first in situ observation by TEM is of great consequence to the performance of
catalysts and battery materials, which may similarly react with their carbon supports to
cause the degradation of electrode structure and performance. However, structural
oscillation was also observed on the carbon-free SiN grid (Figure 5-7b), indicating that

the observed carbonate formation is not the physical origin of the breathing motions.

(a) C K (on C grid) (b) C K (on SiN grid)

C-C 1s/n*
C:1s/n+-0:2p
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Figure 5-7. EELS of BSCF before (black, “BSCF in HV”) and during (red, “BSCF in
H,0”) breathing motion, in the regions of C K-edge. The “BSCF in HV” spectra were
collected in 10” mTorr HV under the e-beam dosing of ~ 200 ¢/A’s, while the “In
H,0” spectra were collected in 10 mTorr H,O under the e-beam dosing of ~200 e/A’s.
The TEM grid in (a) is amorphous Carbon, while the TEM grid in (b) is SiN. The
reference peak positions from carbonate and amorphous carbon were labeled in blue

and black, respectively.
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5.5. Mechanistic Discussion of Oxygen Evolution and Bubble Formation in BSCF

With the observation of O, formation from EELS results, here we propose that the
structural oscillations observed in BSCF in presence of H,O vapor under the electron
beam is caused by the OER within BSCF particles, as shown in Figure 5-8, which is
supported by the following considerations. First, previous work has shown that BSCF
particles have high oxygen nonstoichiometry in the perovskite structure and thus
demonstrate significant H,O uptake'” by a process well known for oxide proton
conductors: H,0 + V3* + 0% — 20H; '"!1%*12 As H,0 reacts with BSCF to form
hydroxyl ions (OHg) on the surface, hydroxyl ions can diffuse from surface to the bulk
lattice, with counter flow of O* ions (0%) from bulk to the surface. Second, the e-beam
reaching the BSCF particle surface could give rise to a positive electric potential due to
the secondary electron emission effect, as suggested by previous in situ ETEM study.'*?
The hydroxyl group on lattice oxygen site can then evolve molecular O, under the e-
beam induced oxidative potential (20H; — 2V;® + O, + H, + 2e™). The oxidative
potential may also lead to the evolution of molecular O, from the perovskite lattice
(20% = 2V3" 4+ 0, + 4e”) at low oxygen pressure.'*' Any lattice oxygen vacancies
generated during oxygen release from BSCF lattice can be refilled as OHg through the
capture of H,O, which allows continuous O, generation within the lattice of BSCF. The
O, trapped and accumulating within BSCF particles caused the formation and inflation of
gas bubbles in near-surface regions, which finally resulted in the breaking and shrinking
of bubbles. The oscillatory motion suggested the breaking bubbles can recover after
shrinking, which may be due to the high mobility of oxygen ions of BSCF,'*® allowing

the O, to accumulate again to re-inflate the bubbles..
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Figure 5-8. A scheme of water intercalation accompanied by water splitting within
BSCF particles, which leads to structural oscillations observed on BSCF in H,O vapor

under electron beam.

The above oscillation process can be described using a simple model with the
following first-order approximations. First, the oxygen gas in the bubbles can be treated
as an ideal gas. Second, oxygen evolution and oxygen release are the rate-determine steps
that control the bubble growth and shrinking, respectively. Third, the rates of oxygen
evolution and release can be treated as constants. With the above approximations, we find

derive the evolution of bubble size as a function of time, which is shown below.

If we treated the oxygen gas in the bubbles as ideal gas, we will have:

PbubbleVbubble = Mo, RT (D)

where ppuppie 18 the pressure inside the bubble, Vy,ppieis the volume of the bubble,
Ng, is the mole number of oxygen gas in the bubble, R is the gas constant, and 7 is the

temperature. In classic bubbles:

_ 4SBscF
Pbubble = PTEM = —; (2)

Where prgy is the pressure in TEM, Spgcr is the surface energy of BSCF, and d is
the bubble size (bubble diameter). Here pyyppie > Prem due to the low pressure in TEM

and high pressure in bubble to cause BSCF deformation. Therefore:

4SBscF
Pbubble ¥ — (3)

Combine (1) and (3), notice that V},,p1e = %d3, we have:
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_ 2TMSBSCF 42
2~ 3RT d (4)

No
This gives us:

ng, « d? (5)

During bubble growing and shrinking process, since we assume oxygen evolution

and oxygen leaking are the rate-determine steps, respectively, then:
A(no 2) = apgrA(t) (6) in bubble growing process;
A(no 2) = LrearA(t) (7) in bubble shrinking process.

where ¢ is the time, apgg is the oxygen evolution rate, and .4, is the oxygen
leaking rate. For the first-order approximation, if we treat the rates of oxygen evolution

and leaking as constants, from (6) and (7) we can get:
A(ng,) < A(t) (8)
Combining (5) with (8), we can then get:
A(d?) o« A(t) ©)

This means no matter in growing or shrinking process, the square of the bubble
diameter always changed proportional to the growing or shrinking time. This relationship
can be tested by plotting the square of bubble size (d°) against the time () using the data
in Figure 5-2e, which is shown in Figure 5-9. The good matching between the measured
bubble size evolution and the modeling results implies our bubble oscillation mechanism

with inside oxygen evolution explains the observations well.
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Figure 5-9. The square of the bubble size (d°) versus the time (¢) during the first
growing process (solid) and the first shrinking process (open) of Particle A (data points
from Figure 5-2¢). The red lines are the linear fitting of the growing and shrinking

processes with R* values of 0.98 and 0.99, respectively.

5.6. Influence of Electronic Structures to Structural Oscillations

As discussed in previous chapters, the electronic structures have great influence to
the lattice oxygen vacancies and the OER stabilities in perovskite oxides. Basically when
the O 2p-band is closer to the Fermi level, the lattice oxygen vacancies will be generated
and activated during the OER between the interaction of water and oxides. In this chapter
we further studied the influence of electronic structures and oxygen vacancies to the
structural oscillations in water vapor and under e-beam. Among all the oxides tested in
this chapter, BSCF is known to have its O 2p-band center closest to the Fermi level,'*®
which lead to the lowest vacancy formation energies (Evac)'-° and the highest oxygen ion

126,128

mobility, as shown in the Figure 5-10. In comparison, brownmillerite SCO has

26 and lower

larger gap between O 2p-band center and Fermi level,'**'** higher E.q.'
mobility of oxygen ions.'” As a result, the observed lattice oscillation in SCO were
confined to thin surface layers of ~1 nm, even under a harsh H,O and e-beam irradiation
condition (in 30 mTorr H,O under 1250 ¢/A%). For LSC and LCO with O 2p-band center
farther away from the Fermi level and much higher E,,., no structural oscillation was

observed in >10 mTorr H,O and under >100 e/A%s. The absence of structural oscillation

in these oxides can be attributed to the fact that the O 2p-band centers are far from the
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Fermi level, which correlates with increased energy penalty for oxygen vacancy
formation and reduces oxygen ion mobility. Therefore, it is difficult for these oxides to
uptake H,O to form OHg, and the transport of oxygen or hydroxyl ions is sluggish,
confining oxygen evolution to the surface of oxides with an inactive lattice. Moreover, if
changing the transition metal ions from Co to Mn, the O 2p-band center further moves
away from the Fermi level,126 therefore the structural oscillation was also absent for Pr;.
«CaMnOs (previously reported and studied on the same instrument in 112 mTorr H,O
under 5000 ¢/A%'*?). The above observations provided direct evidence that tuning the O
2p-band center closer to the Fermi level and reducing the energy penalty for oxygen
vacancy formation can facilitate water uptake and ion transport in oxides, which can
activate the oxygen evolution not only on the surface but also inside the oxides under e-
beam irradiation. These observations not only provide deeper insight into the activity and
stability of highly active perovskite OER catalysts, but also open new possibilities in the
design and development of many new materials. In the future, we may be able to activate
water splitting or hydrogen/oxygen transportation through the water-oxide interaction
using high-energy electrons, high-energy photons or strong fields. This would be helpful
in developing new energy storage devices, hydrogen/oxygen pumps or gas

119,120,122
sensors. 7
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BSCF SCO LSC LCO

Perovskite Brownmillerite Perovskite Perovskite
10 mTorr H,O 30 mTorr H,O 13 mTorr H,O 14 mTorr H,0O
20 e/A?s e-beam 1250 e/A%s e-beam 2100 e/A?s e-beam 490 e/A?s e-beam
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Figure 5-10. Comparison of structural oscillations in BSCF to the lack thereof for other
oxides in H>O and under e-beam. The axis indicates the location of the O 2p-band
centers (relative to Fermi level), E,., and oxygen tracer diffusion coefficient (D,
measured at 900 °C under 0.2-1 atm of O,), taken or estimated from previous

. 126,128,142-144
studies. > %

The water vapor pressures and electron dose rates for each oxide
samples were listed above the corresponding TEM images. The number of seconds
shown on each TEM image represents the passage of time after the initiation of the

environmental stimulus.

5.7. Chapter 5 Conclusions

In summary, we demonstrated that in the H,O environment, BSCF exhibited
significant breathing-like oscillatory motion under e-beam irradiation in ETEM. During
this oscillation, the frequency increased and the amplitude decreased under higher H,O
content or higher e-beam dose rate. EELS showed O, formation during breathing,
attributed to oxygen evolution in H,O vapor catalyzed by the BSCF. The structural
oscillation can be explained by the intercalation of H,O into the bulk of BSCF and the e-
beam-induced, BSCF-catalyzed oxygen evolution that leads to the generation of O,
throughout near-surface layers of BSCF. In contrast, the structural oscillation is weak or
absent in other Co- or Mn-based oxides, because the water uptake is hindered by their

lower oxygen ion mobility and greater energy penalty for oxygen vacancy formation,
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which is due to the larger gap between O 2p-band center and Fermi level. These in situ
observations provide a thorough understanding of the interaction between water and

oxides under oxidizing electron beam irradiation.
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Chapter 6. Conclusions and Perspectives

6.1. Thesis Summary

In this thesis, by combining electrochemical characterizations with electron
microscopic techniques, we systematically studied the catalytic performance of both Pt-
M ORR catalysts and perovskite oxide OER catalysts at various pH values. The stabilities
and activities of both catalyst systems are found to be closely related to their atomic and
electronic structures. For Pt-alloy ORR catalysts, having transition metal with more
positive dissolution potential can lead to better chemical stability in acidic electrolyte but
worse activity improvement due to less beneficial electronic structure adjustment
(Chapter 2). By controlling the formation of Pt-rich protective shell on the surface of Pt-
alloy particles, we can further improve the stability by preventing the leaching of
transition metal from the core, and therefore keep the initially high ORR activity after
voltage cycling (Chapter 3). Meanwhile, for perovskites OER catalysts, if the Fermi
level moves closer to the O 2p-band center, the lattice oxygen becomes activated and the
formation of lattice oxygen vacancy becomes easier. This on one hand can activate the
oxygen redox and lead to higher OER activity (Chapter 4). While on the other hand, the
activation of oxygen vacancies causes the worse stability in both neutral and basic
electrolytes (Chapter 4), and enables the water uptake into the oxides lattice to initiate
the structural oscillation during the OER in ETEM (Chapter 5). The above discoveries
revealed the great influence of the electrolyte-catalyst interaction to the stability and
activity during the oxygen redox reactions. This work not only provided deeper
understandings to the mechanisms of oxygen electrocatalysis and catalyst degradation
processes, but also brought us new design principles to make more stable catalysts with

higher catalytic activities.

6.2. Outlook

It is interesting to find that for both Pt-M catalysts used for ORR in acidic

electrolyte and perovskite catalysts used for OER in neutral or basic electrolyte, the
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design guidelines to improve the activity (e.g. more negative Vyissome in Pt-M, or closer
distance between Fermi level and O 2p-band in perovskites) often bring worse stability.
Therefore, the activity and durability usually cannot be optimized at the same time. The
nature of such contradiction, in my viewpoint, is based on the interaction between
water/electrolyte and catalysts. For example, in this thesis when we start from a relatively
stable catalyst, such as pure Pt and LCO, and try to improve their ORR or OER activities
by adjusting their electronic structures, usually we have to tune the chemistry to activate
the surface electron transfer, i.e. facilitate the redox of surface active sites. In the case of
Pt-M ORR catalysts, the surface adsorption/desorption of oxygen species can be adjusted
by alloying Pt with transition metals, such as Ni, which brings beneficial ligand and strain
effects to activate the redox on Pt. While in the case of perovskite OER catalysts, the
surface adsorption/desorption of oxygen species can be adjusted by replacing La with Sr
in LCO to activate the redox on O. This on one hand leads to better OER activity,
however on the other hand the newly introduced chemistry (e.g. Ni site in Pt-Ni) and the
activated chemistry (e.g. surface O atoms in SCO) can potentially become the new
unstable factors in the catalysts. Therefore, for both Pt-M and perovskite systems studied
in this thesis, we have to find a balanced point between stability and activity, which

brings us an optimization peak, as shown in the Figure 6-1.

Optimization Peak
(Pt-Ni, PBCO, etc.)

End of Life Activity

Initial Activity Increase
Stability decrease

O p-band, etc.)

Descriptor (V

dissolve’

Figure 6-1. Competition between activity and stability that leads to optimization peak

for the design of new catalysts.
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The existence of such optimization peak is not satisfactory, because it limits the best
catalytic performance we can potentially approach. Therefore, extended from this thesis,
the following research directions can be considered in order to break this limitation and

further improve the catalytic performance of the catalysts.

First, the stability of the catalysts may be improved by surface engineering without
sacrificing the activity. As an example, in this thesis the surface Pt-rich protective layer
outside the Pt-Ni particles has been formed and tuned by different acid and heat
treatments to prevent Ni leaching. Similarly, we can always try exposing the more stable
element or termination of the catalyst particles to the electrolyte, as long as the catalytic
active site is on this stable element/termination. If there is no stable termination in the
catalysts, the ion-conductive layer might be used to protect the active material while still

carrying the catalytic process.

Second, the additives and buffer molecules in electrolyte may be engineered to
prevent the etching effect or reduce the poisoning effect, to improve the stability and
activity at the same time. For example, in this thesis we found severe A-site leaching of
SCO at pH 7, which might can be prevented by adding high-concentration Sr-salt into the
electrolyte. Meanwhile, changing the buffer in pH 7 electrolyte from phosphate to
organic molecules may help to decrease the poisoning effects from PO, ions and
therefore improve the activity of perovskite OER catalysts without jeopardizing their

stability.

In general, both the catalytic and degrading processes for oxygen electrochemical
catalysis involve the interaction between electrolyte and electrode. To break the coupling
between these two processes, the controlling of electrolyte-electrode interface will

become an important direction for future scientific and engineering researches.
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