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Abstract

The depletion of fossil fuels and global warming require the application of highly
efficient and sustainable energy conversion devices, like fuel cells. However, the sluggish
kinetics of the oxygen reduction reaction (ORR) on the cathode has significantly hindered
the widespread implementation of fuel cells, which stimulates the development of highly
active and durable electrocatalysts. Enormous progress has been made on both precious
metal and non-precious metal catalysts, including Pt/Pd alloyed nanoparticles, transition
metal oxides and nitrogen doped carbon materials.

In this thesis, a bifurcated strategy involving the rational design and in situ mechanistic
investigation has been proposed and conducted. Via different synthetic routes, a variety
of nano-structured materials has been prepared, including Pt-based structurally ordered
intermetallics, core-shell structured nanoparticles with Pt surface decoration, tri-metallic
spinel oxides, bimetallic organic framework (BMOF) derived carbon materials and
nitrogen-doped BMOF-derived Pt-Co nanoparticles. They are featured with distinctive
properties to adapt various working conditions, for the ground transportation or stationary
applications, for proton exchange membrane fuel cells (PEMFCs) or alkaline exchange
membrane fuel cells (AEMFCs). For example, Pt-based catalysts exhibit excellent
electrocatalytic activities with a relatively high Pt utilization efficiency, making them

suitable as promising candidates in the acidic electrolyte for fuel cell vehicles. Precious-



metal-free catalysts demonstrate high activity, robust durability and cost effectiveness,
which can be potentially applied in alkaline media for stationary applications.

The in situ mechanism analysis of these materials consists of two parts: the first reveals
the structural evolution of structurally ordered bimetallic intermetallics at high
temperature, from both microscopic and macroscopic levels to determine the optimized
synthesis condition for the Pt3Co intermetallic nanoparticles. The second part couples the
electrochemical reaction with X-ray adsorption spectroscopy to elucidate the working and
degradation mechanism of trimetallic oxides, which indicates the synergistic catalysis by
Co and Mn, with Fe serving as the stabilizing agent. These analyses, in return, provide

valuable insights for designing and optimizing related materials in the future.
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LIST OF FIGURES

Figure 1.1 Ragone plot of specific power vs specific energy for various renewable energy
conversion/storage systems in comparison to the traditional internal combustion engine.
Figure reproduced from reference 7.

Figure 1.2 Schematic of different types of fuel cells: direct methanol fuel cells (DMFCs),
polymer electrolyte membrane fuel cells (PEMFCs), alkaline fuel cell (AFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide
fuel cells (SOFCs). Figure reproduced from reference 9.

Figure 1.3 Breakdown of the 2017 projected fuel cell stack cost at 1,000, 100,000, and
500,000 systems per year. Figure reproduced from reference 11.

Figure 1.4 (A) The mechanism and calculated changes in the Gibbs free energy for the
ORR on the surface of Pt (111); (B) The correlation of the free energy and adsorption
energy of oxygen for the first and the last steps. The vertical dashed line indicates the
standard redox potential. The distance from the solid volcano profile to the horizontal
dashed line represents the ORR overpotential at the limiting exchange current. Figure
reproduced from reference 12.

Figure 2.1 (A). Schematic figure of the in situ heating setup (modified based on
SabreTube furnace). Figure reproduced from reference 1. (B). Photo of the in situ heating

setup in the synchrotron. Figure reproduced from reference 1
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Figure 2.2 The measured XRD patterns of non-annealed/annealed (alloy/intermetallic)
Pt3Co/C in the synchrotron (A) measured directly in d spacing (B) converted to 26 using
Cu Ka radiation. Figure reproduced from reference 1.

Figure 2.3 (A) Schematic of the in situ XANES/XAS electrochemical cell. Working
electrode (WE, catalyst on carbon paper) and counter electrode (CE, carbon rod) were
immersed in 1M KOH solution. Reference electrode (RE, Ag/AgCl in saturated KCl) was
connected to the cell by a salt bridge and the distance between RE and catalysts at the end
of the carbon paper was minimized to reduce IR drops caused by the resistance in the thin
electrolyte layer (< 200 um) in the X-ray window. (B) Three cyclic voltammetry profiles
that were collected during X-ray measurements for a trimetallic cubic spinel oxide. Figure
reproduced from references 2 and 3.

Figure 3.1 Schematic illustration of the synthesis procedure of the 40% Pt3Co/C NPs
Figure 3.2 XRD and SAED patterns of 40% Pt;Co/C. (A) XRD pattern of Pt3Co/C
compared with the standard Pt;Co reflections (PDF card # 04-006-8057). (B) Selected
area electron diffraction (SAED) of Pt3Co/C nanoparticles in the inset.

Figure 3.3 left: XRD pattern of 20% Pt3:Co/C alloy, intermetallics, and 40% Pt;:Co/C
intermetallics prepared by seed-mediated growth method; right: 20% and 40% Pt3:Co/C
nanoparticles prepared via conventional one-step impregnation method, after high-
temperature annealing. Figure 3.4 TGA of 40% Pt3Co/C in N2/O2 (80% Nz and 20% O3)
atmosphere

Table 3.1 EDX of Elemental information of Pt and Co

Figure 3.4 TGA of 40% Pt3Co/C in N2/O2 (80% N2 and 20% O) atmosphere



Figure 3.5 BF-TEM and HAADF-STEM images of 40% Pt;:Co/C. (A) BF-TEM image
of Pt3Co/C. (B) Particle size distribution of Pt3Co nanoparticles in Figure 3.5A. (C, D)
Atomic-resolution BF-TEM image (C) and HAADF-STEM image (D) of Pt3Co/C with
arrow marks indicating the (111) lattice spacing

Figure 3.6 20% Pt;Co/C intermetallic nanoparticles low-magnification TEM image
Figure 3.7 Particle size histogram of 20% Pt:Co/C intermetallic nanoparticles

Figure 3.8 HAADF-STEM image of Pt3Co/C and EELS elemental mapping of 40%
Pt3Co/C. (A) HAADF-STEM image of a Pt3Co/C nanoparticle with parallel lines and
arrow marks indicating (111) lattice spacing. (B-D) EELS maps of Pt (B), Co (C) and the
composite Pt versus Co (D). (E) Line profiles extracted from the boxed areas in (B), (C)
across the facet showing that the Pt shell is ~ 0.6 nm thick.

Figure 3.9 (A) Cyclic voltammetry at various scan rates of 40% Pt3Co/C in 0.1M HClOs.
(B) RDE measurement of 40% Pt3Co/C at various rotation rates. (C). Comparison of the
RDE curves of 20% and 40% Pt;Co/C at 1600rpm. (D) Cyclic voltammetry curve of 20%
(red) and 40% (black) Pt3Co/C electrocatalysts scanned at 20mV/s, with the shaded
regions representing the ECSA of the catalyst. (E) Comparison of specific activities for
20% and 40% Pt3Co/C at 0.85 V, 0.90 V, and 0.95 V, respectively, normalized to
geometric area. (F) Intrinsic current density for 20% and 40% loading Pt3Co/C
electrocatalysts from RDE measurements at 1600 rpm, normalized to the geometric area.
Figure 3.10 (A) Mass activity normalized to Pt weight of 20% and 40% Pt:Co/C (B)
Specific activity normalized to ECSA of 20% and 40% Pt;Co/C

Figure 3.11 (A) Cyclic voltammetry of 40% Pt:Co/C before cycling, after 2000 cycles,

and 4000 cycles, respectively. (B) RDE curves for 40% Pt;Co/C before cycling, after
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2000 cycles, and 4000 cycles, respectively (C) TEM image of 40% Pt;Co/C after 4000
cycles in the stability test. (D) Size distribution histogram of 40% Pt:Co/C after stability
testing.

Figure 3.12 Cyclic voltammetry of 20% Pt3Co/C during stability test after 2000 and 4000
cycles

Figure 3.13 RDE profiles of 20% Pt/C and 40% Pt/C before and after stability test
Table 3.2 ECSA and geometric current density of 20% and 40% Pt3Co/C before and after
stability test

Figure 4.1 (A). Table showing the atomic percentage of Pd and Fe measured by ICP-
AES with different amounts of Fe(acac)s added in the system (B). The relatively linear
relationship (R?=0.9) of Fe(acac); precursor added and measured Fe percentage in the
synthesized Pd-Fe/C NPs (relative error=1+1.25%).

Figure 4.2 (A) XRD patterns of synthesized Pd-Fe/C bimetallic nanoparticles: Pd/C,
PdsFe/C, Pdo.ssFeo.36/C, Pdo.ssFeo.42/C and Pdo.s2Feo.4s/C after annealing at 500 °C for 2 h.
The red and black vertical lines correspond to Pd (PDF # 5-681) and PdFe (PDF # 04-
003-3875) standard XRD. (B) Inserted graph is the enlarged region of the Pd (220)
diffraction peak. (C) Plot of d-spacing of (220) peak for Pd-Fe/C with different
composition

Figure 4.3 Low-magnification bright-field TEM images of as-prepared (A) Pdo.ssFeo.42/C

and (B) Pdo.ssFeo.42@Pt/C
Figure 4.4 (A-B) HAADF-STEM image of Pd-Fe@Pt nanoparticles and the
corresponding histogram of the particle size distribution. (C-D) Atomic-scale STEM

image of a particular Pd-Fe@Pt nanoparticle (C) with a magnified region that clearly
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show the crystal lattice on the [1-10] zone axis. (E) Fourier transform of lattice images
in (D) shows the diffraction spots corresponding to the lattice d-spacing of (111) and (110)

facets (PDF# 04-003-3875).

Figure 4.5 (A). STEM image of Pd-Fe@Pt. (B-D). EELS elemental maps of Pd (red), Fe
(green) and composite map of Pd vs. Fe (D). (E). EELS elemental line profiles of Pd and

Fe extracted from white dashed boxes from EELS mapping in (B) and (C), respectively

Figure 4.6 EELS spectra corresponding to the EELS elemental mapping in Figure 4.4.
Pd M5 and Fe L3 edges were used to extract EELS maps from spectrum images. The
inset exhibits the Pd Ma,s edge (white line) after the background subtraction from the raw
EELS spectra (black line) using the linear combination of power laws (LCPL) method.

The background noise was filtered using principal component analysis (PCA).

Figure 4.7 EDX spectra of PdFe@Pt. Pt Ma, Pd La, B, Fe Ka were selected to process
the spectrum image and generated EDX maps. It should be noted that the strong Cu K
edges are from the Cu TEM grid

Figure 4.8 (A). STEM image of a PdFe@Pt nanoparticle. (B-D). EDX elemental maps
of Pd (red), Fe (green) and Pt (yellow). (E). EDX line profiles of Pd (red), Fe (green) and
Pt (blue) extracted from white dashed boxes from EDX mapping in (B-D). (F). Schematic
model of a core-shell spherical particle and the theoretical projected intensity profiles
Figure 4.9 Electrocatalytic properties of synthesized Pd-Fe/C and Pd-Fe@Pt/C
nanoparticles. (A). Cyclic voltammetry (CV) profiles of synthesized Pd-Fe/C NPs in Ar-
saturated 0.1 M HCIO4 solution, scanned at a rate of 50 mV/s at room temperature. (B).

ORR polarization curves in Oz-saturated 0.1 M HCIO4 at a scan rate of 5 mV/s and
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rotation rate of 1600rpm. (C). CV profiles of Pd/C, Pdo.ssFeo.42/C and Pdo ssFeo.42@Pt/C
in Ar-purged 0.1 M HClOy4 solution at a sweep rate of 50 mV/s. (D). Comparison of ORR
polarization curves for Pt/C and Pdo.ssFeo.42@Pt/C in Oz-saturated 0.1 M HCIO4 solution
at a scan rate of 5 mV/s and 1600rpm rotation rate. (E). Tafel plots. Mass activities of
different catalysts normalized to the total mass of Pd and Pt. (F). Tafel plots. Mass activity
of Pt/C and Pdo ssFeo.42@Pt/C, normalized to the mass of Pt. (G). Comparison of mass
activity between Pt/C and Pdo ssFeo42@Pt/C, at 0.9V vs RHE

Figure 4.10 The CO stripping voltammetry of Pd/C, Pt/C and Pt-decorated Pdo.ssFeo.42/C
at a scan rate of 50 mV/s in an Ar-saturated 0.1 M HCIO, solution. Dosing potential of
CO adsorption was 0.05 V vs. RHE

Figure 4.11 (A). Cyclic voltammetry profiles (B). and ORR polarization profiles of Pt
decorated Pdo.ssFeo.42/C nanoparticles before and after stability test

Figure 4.12 Theoretical calculations of the Pd/Pt atomic ratio as a function of the particle
size (Diameter, D) and the shell thickness (x). The insert shows the magnified diagram
with a focus on lower Pd/Pt atomic ratio, i.e., higher relative Pt content. Solid lines are
Pd@Pt core-shell particles while dashed lines are PdFe@Pt. The crossing point of the
two dashed green lines is for PdFe@Pt with D=10 nm, which has to have a Pt/Pd ratio
larger than 1:2.7 to achieve a complete Pt monolayer (3 A). npa% in the equation is the
mole fraction of Pd in the core materials (e.g., npa%=0.5 in PdFe). Details of the equation
derivation can be found in the supporting information.

Table 4.1 Detailed information of reports regardining about Pt monolayer-coating NPs
Table 5.1 All of the following reported catalysts are nanoparticles supported on carbon

substrate.
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Figure 5.1 (A) Schematic illustration of the home-made device for the in situ
synchrotron-based, X-ray diffraction (XRD) study. (B) XRD patterns of the as-
synthesized Pt3Co/C alloy and Pt3Co/C after further annealing at 700 °C in the in-situ
heating cell. (C) Quantitative analysis of the peak integral of the (110) ordering peak, and
the (111) and (200) major peaks. Inset: illustration of background subtraction. (D)
Quantitative calculations of the relative content of ordered intermetallic based on the
assumption of a linear relationship between the ratio of the integrated areas of the ordered
intermetallic peak at (110) to the sum of the (111) and (200) peaks

Figure 5.2 (A) Temperature calibration of the in situ heating stage (Si substrate). The Y
axis is the theoretical melting temperature of metals and the X axis is the measured
melting temperature from the heating stage. The plot shows a linear offset between the
measured temperature and the actual temperature (B) XRD pattern of as-synthesized
annealed Pt3Co collected from 2D detector

Figure 5.3 (A) In situ heating XRD patterns of Pt;Co/C annealed at various temperatures.
The dashed line represents the as-synthesized Pt;Co/C alloy. (B) Calculated relative
content of ordered intermetallic Pt3Co/C formed and particle size (calculated from the
width of the (111) peak). (C) In situ heating XRD patterns of Pt3Co/C at 750 °C, the
optimal temperature, as a function of annealing time. (D) Calculated relative content of
ordered Pt3Co/C formed, and particle size

Figure 5.4 Powder XRD patterns of Pt3Co/C annealed at various temperatures for 2h in
a flow furnace in the lab. The change in ordering peak at ~33°1is fairly consistent with

Figure 5.3 A.
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Figure 5.5 (A) Measured d-spacing of Pt3Co/C after 2 h annealing at various temperatures.
(B) Measured d-spacing of Pt3Co/C at different annealing times at 750 °C

Figure 5.6 (A) Simulation results for the SROP (red, dashed line) and LROP (blue, solid
line) as a function of temperature for bulk (N=864, no marker) and spherical NPs with
diameter d=2.9 nm (N=800, circles) and d=5.2 nm (N=4800, squares, with snapshots
shown at temperatures just before the ODT on the left, and just after the ODT on the
right). The temperatures are rigidly shifted so as to match the simulation results to the
experimental Bulk order-disorder transition (ODT) temperature. As the size of the NP is
reduced, the ODT temperature for the NPs also decreases. Snapshots of the bulk trajectory
taken at increasing temperatures showing (B) ordered intermetallic phase, L12, (C) D022
state with global long-range order and lower crystal symmetry, and (D) disordered solid
solution phase. The green and red atoms represent Pt and Co, respectively

Figure 5.7 (A) In situ heating XRD patterns of Pt3Co/C annealed from 620 °C to 830 °C
at a slow temperature ramping rate of 0.5 °C/min (B) Relative peak integral ratio of the
(110) to (111) peaks (with the maximum ratio normalized to 100%) at a series of
temperatures

Figure 5.8 (A) XRD patterns of Pt3Co after annealing at 715 °C for 2 h, and after cooling
down to room temperature. (B) Relative contents of ordered intermetallic Pt3Co/C under
two different cooling rates. X-axis represents the monitored temperatures during the
cooling process

Figure 5.9 In situ heating STEM enabling tracking of the morphological changes of
Pt3Co/C annealed at 750°C. (A-C) Pt3Co/C before annealing, annealed for 22 min, and

annealed for 2h, respectively. (D-I) A specific region was magnified to illustrate particle
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migration and coalescence during a continuous 2 h annealing process. (J) Measured
distribution of particle sizes of thousands of particles from Figure 5.7A at different
annealing times at 750°C. Cross marks on the X-axis represent the corresponding average
particle sizes. (K) Volume-weighted, particle size distribution, which reflects the relative
contribution of larger particles more clearly, as shown by the more pronounced tails for
particle sizes above 8 nm. Cross marks on the X-axis represent the corresponding volume-
weighted, average particle sizes. (L) Specific surface area (SSA) (m?/gp;) estimated from
STEM images of three different regions at different annealing times. Inset:
Electrochemical surface area (ECSA) for Pt3Co/C before and after annealing at 750 °C
for 2 h, measured from the coulometric charge associate with hydrogen adsorption (Hads)
regions in the cyclic voltammograms. Details of statistical analysis of particle sizes and
SSA calculations can be found in the experimental section. Scale bars in Figures A-C are
50 nm, and scale bars in Figures D-I are 5 nm

Figure 5.10 Atomic-scale ex situ HAADF-STEM images of Pt3Co/C after annealing. (A)
An ordered intermetallic Pt3Co particle on the [100] zone axis. Brighter atoms at corners
of squares are Pt, and dimmer atoms at the center are Co. (B) A partially ordered
intermetallic particle on the [100] zone axis. Both brighter and dimmer atoms exist at the
center of the squares. (C) Corresponding projected crystal model along [100]. Red and
green atoms are Pt and Co, respectively. Crystal models were built based on the ordered
intermetallic Pt3Co (PDF # 01-072-9179)

Figure 5.11 (A) Calculated ECSA, mass-specific activity (MA) and surface-specific
activity (SA) at 0.9V vs. RHE of Pt:Co/C before and after stability tests, after a series of

annealing temperatures for 2h. (B) Normalized retention of mass-specific activity (MA),
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surface area-specific activity (SA), and electrochemical surface area (ECSA) on the left
axis, and half-wave potential shift on the right axis of Pt3Co/C after annealing at different
temperatures. Normalized retention was calculated based on the ratio of the initial
activity/surface areas to that after durability tests (2000 cycles in cyclic voltammetry at
100 mV/sec in 0.1M HCIlO4 over the potential at the range from 0.6 to 1.0 V vs RHE).
The best durability was achieved at around 750 °C, corresponding to the optimal degree
of ordering

Figure 5.12 CV profiles of as-synthesized Pt;Co/C and Pt3Co/C annealed at different
temperatures, before and after stability tests. (All CV profiles were obtained at a sweep
rate of 50 mV/sec in oxygen-saturated a 0.1M HClO4 solution over the potential range
from 0.05 to 1.1 V vs RHE.)

Figure 5.13 RDE polarization curves of as-synthesized Pt3Co/C and Pt3Co/C annealed at
different temperatures, before and after stability tests. (All RDE polarization curves were
obtained at a sweep rate of 5 mV/sec in oxygen-saturated a 0.1M HCIO4 solution at a
rotation rate of 1600 rpm.)

Table 5.2 The calculated ECSA, MA, SA at 0.9 V and half-wave potential (Ei) for
different Pt3Co/C samples before and after stability tests. ECSA and Mass activity
retentions were calculated from the ratio of hydrogen adsorption region between its initial
values to that after stability test. Since all the catalysts have the same mass loading of
Pt3Co, SA will have a value of MA divided by ECSA

Figure 5.13 Fuel cell performance comparison of disordered and annealed Pt3Co/C
before and after stability testing. BOL and EOL represent beginning-of-life (initial

performance) and end-of-life (after 30,000 cycles), respectively. (A) MEA performance
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at Pt loadings of 0.025 and 0.10 mgp/cm? on anode and cathode, respectively. Cell
operation conditions are in the order of anode/cathode: Ho/air, 94 °C, 65/65%RH, 250/250
kPaabs,outlet, stoichiometries of 1.5/2. (B) Mass-specific activity (MA) measured at 0.9 V
vs. RHE; ECSA of Pt measured by CO stripping in MEA; Voltage measured at a high
current density of 2 A/cm?. (C) Power density at 0.67 V under the same condition as (A)
Figure 6.1 STEM images process. (A-B) raw atomic-scale STEM images. (C-D) images
in (A-B) filtered by using the Richard-Lucy deconvolution (3 iterations). The
deconvolution was processed in Image] software assuming an Airy disk (100 kV,
Omax=28 mrad) convolved with a 0.8 A Gaussian source

Figure 6.2 EELS spectrum of MCF-0.8 acquired from the particle shown in Figure 6.6A
Figure 6.3 Schematic of the in situ XAS electrochemical cell. Working electrode (WE,
catalyst on carbon paper) and counter electrode (CE, carbon rod) were immersed in 1M
NaOH solution. Reference electrode (RE, Ag/AgCl in saturated KCI) was connected to
the cell by a salt bridge and the distance between the RE and the catalysts at the end of
the carbon paper was minimized to reduce IR drops caused by the resistance in the thin
electrolyte layer (< 200 um) in the X-ray window. Details of the cell design and operation
was reported in our previous study

Figure 6.4 XRD patterns of as-synthesized MCF cubic spinel nanoparticles: CoFe2Os,
Mno3(CoFe2)0904, Mnos(CoFe2)0s80s, Mngs(CoFe2)07304, Mni(CoFez)os60s and
Mn; 2(CoFe)o.604. The red and black vertical lines correspond to standard CoFe>O4 (PDF
# 01-077-0426) and MnFe>O4 (PDF # 01-073-3820) XRD patterns, respectively; inset

represents the enlarged region of the CoFe,O4 (440) diffraction peak
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Figure 6.5 (A) STEM image of as-synthesized MCF-0.8 catalysts. (B) STEM image from
one region magnified in (A) (red dashed box), showing particles composed of smaller
sub-domains with domain sizes of around 15 nm

Figure 6.6 Atomic-scale HAADF-STEM images of MCF-0.8. (A-B) atomic-scale image
and the corresponding crystal model on the [112] zone axis. Two lattice d-spacings were
measured to be 4.9 and 3.0 A, which matched well with the theoretical values of (111),
4.85 A and (220), 2.97 A, respectively. Atom columns, a, at the corner of the lattice image,
exhibit a brighter intensity than atom columns, b, on the side, because a has higher atom
density than that of b and ¢ in the crystal model. Atom columns, ¢, at the center of the
lattice image, are elongated in the (111) direction, which are actually composed of three
atom columns next to each other. (C) The crystal model on the [112] zone axis slightly
tilted to reveal the underneath atom columns. (D-E) Another atomic-scale image and the
corresponding crystal model on the [110] zone axis. Hexagonal repeating unit cells with
two nearby sides of 3.7 and 2.2 A were observed, which matched the theoretical values
of 3.66 and 2.15 A, respectively, in the crystal model. Atom columns, a, at the center of
the lattice image, exhibit a brighter intensity than that of columns b and ¢ on the side,
because a has a higher atom density than b and ¢. Atom columns, b and ¢ show little
difference in the image intensity, since they are Co and Fe atoms, with very similar atomic
numbers, 27 and 26, respectively. The crystal model was established based on the cubic
spinel structure of CoFe>O4. (F) The crystal model on the [110] zone axis was slightly
tilted to reveal the underneath atom columns

Figure 6.7 EELS elemental maps of MCF-0.8. (A) HAADF-STEM image of a typical

nanoparticle composed of smaller sub-domains. The lattice image in the dashed box was



magnified in (E) to show (220) and (220) with same d-spacing values of 3.1 A on the
zone axis of [001]. (B-D) EELS elemental maps of Mn (red), Fe (green) and Co (blue),
respectively. (F-H) EELS elemental composite maps of Mn vs. Fe, Mn vs. Co and Fe vs.
Co, respectively

Figure 6.8 Electrocatalytic properties of as-synthesized MCF nanoparticles. (A) Cyclic
voltammetry (CV) profiles of synthesized MCF NPs in Ar-saturated 1 M NaOH solution,
scanned at a rate of 5 mV/s at room temperature. (B) ORR polarization curves in O»-
saturated 1 M NaOH at a scan rate of 5 mV/s and rotation at a rate of 1600 rpm. (C)
Comparison of mass activity and half-wave potential of different MCFs at 0.9 V vs. RHE.
(D) Polarization profiles of MCF-0.8 after 10,000 cycles of stability testing

Figure 6.9 Cyclic voltammetric profiles of CoFe2O4, MnFe;O4 and Mno g(CoFe2)O4 in
Ar-saturated 1M NaOH, at 5 mV/s scan rate

Figure 6.10 Cyclic voltammetric profiles between 0.15 to 1.2V of MCF-0.8
(Mng 3(CoFe2)0.7304) in Ar-saturated 1M NaOH, at 5 mV/s scan rate. The black line is the
initial CV, and the red and blue lines are after stability testing of 6,000 and 10,000 cycles,
respectively, at 100 mV/s between 0.6 to 1.0 V vs. RHE

Figure 6.11 STEM image of MCF-0.8 catalyst after 10,000 electrochemical cycles. The
observed particle aggregation is likely responsible, at least input, for the degradation in
electrochemical activity

Figure 6.12 EDX spectra of MCF-0.8 before and after electrochemical cycles. The X-ray
intensities were normalized to the value of Fe Ka edge for comparisons. It should be
noted that the Mn major Ka edge is at 5.89 keV and the Mn minor Kf edge at 6.49 keV

overlaps with Fe’s major Ka edge(6.40 keV). Fe’s minor K3 edge at 7.05 keV overlaps
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with Co’s major Ka edge at 6.93 keV, which explains why Fe and Co peaks have small
shoulder peaks on the right side of their peaks

Table 6.1 EDX quantitative analysis of MCF 0.8 catalysts before and after
electrochemical cycles. Relative amounts of Mn, Co and Fe are average results from
seven different regions in EDX measurements. The relative error using one standard
deviation (Sd) was estimated to around 1 at.%. Accurate calculations of relative contents
of Mn, Co and Fe were discussed as below

Table 6.2 EDX quantitative analysis of MCF 0.8 catalysts before and after
electrochemical cycles without considering the overlap between Mn K3 and Fe Ko and
between Fe K and Co Ka

Figure 6.13 In situ XANES spectra of the Mn, Co and Fe K-edges of MCF-0.8 and the
evolution of the average metal valence and metal-oxygen atomic distance at a series of
applied potentials. (A) In situ XANES spectra at the Mn K-edge of the MCF-0.8 (solid
lines) and the reference manganese oxides (dashed lines). Inset shows the selected applied
potential from the CV profile at a scan rate of 1mV/s in the home-made electrochemical
cell at which signals were detected. (B) In situ XANES spectra at the Co K-edge of the
MCF-0.8 (solid lines) and the reference cobalt oxides (dashed lines). Inset shows the
gradual shift of the Co K-edge to lower photon energies with changing in intensity. (C)
In situ XANES spectra at the Fe K-edge of the MCF-0.8 (solid lines) and the reference
iron oxides (dashed lines). Inset shows the incremental shift of Fe K-edge to lower photon
energies with a change in intensity. (D) Calculated average metal valence (solid lines, left

Y-axis) as a function of potential based on the linear combination fitting using XANES
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spectra of reference metal oxides. Measured metal-oxygen (M-O) atomic distance as a
function of potential (dashed lines, right Y-axis) based on the in situ EXAFS analysis
Figure 6.14 (A) Valence analysis of Mn K-edge at 1.2 V vs. RHE. Linear combination
fitting (LCF) (red dashed line) indicates the relative content of MnO (22%), Mn304 (56%),
Mn>03 (8.1%) and MnO> (14%) at 1.2 V. This LCF has a small R-factor of 0.00276 and
reduced y? of 0.000710, indicating a good fitting quality. (B) Average Mn valence at a
series of applied potential, which was calculated from the relative contribution of four
manganese oxide references. (C) Valence analysis of Co K-edge at 1.2 V. Linear
combination fitting (LCF) (red dashed line) indicates the relative content of CoO (75.5%)),
Co0304 (0%) and Co0203 (24.5%) at 1.2 V. This LCF has a small R-factor of 0.0179 and
reduced y? of 0.00517, indicating a reasonable fitting quality. (D) Average Co valence at
a series of applied potential, which was calculated from the relative contribution of three
cobalt oxide references

Figure 6.15 In situ EXAFS of Mn (A) and Co (B) at a series of applied potential. The
Metal-oxygen (M-O) bond distance increases as the applied potential decreased from 1.2
to 0.2 V, corresponding to a lower metal valence and weaker binding strength to oxygen.
EXFAS spectra were processed by setting the background value (Rbkg) to 1.2 in Athena
software with the FT-window set to 3 to 10 A and no phase correction

Figure 6.16 Valence analysis of Fe K-edge at 1.2 V. Linear combination fitting (LCF)
(red dashed line) indicates the relative content of FeO (0%), Fe304 (0%) Fe2O3 (100%) at
1.2 V. This LCF has a small R-factor of 0.00317 and reduced x? of 0.000922, indicating
a good fitting quality. The Fe valence is thus +3 and stays the same when E decreases

from 1.2 to 0.2 V, based on the LCF analysis
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Figure 6.17 Periodic changes of the relative X-ray intensities (/n(/,/12)) at 6553 eV (Mn
K-edge, red lines), 7225 eV (Co K-edge, green lines) and 7131 eV (Fe K-edge, blue lines),
respectively, as a function of the cyclic potential sweep at 1 mV/s from 1.2 to 0.15 V vs.
RHE. Intensity variations at 6553, 7225 and 7131 eV reflect the conversion among
Mn(1V), Mn(Ill) and Mn(Il), between Co(IIl) and Co (II), and Fe(Ill) and Fe(Il),
respectively. Relative X-ray intensity increases, suggesting a conversion of the metal
from higher valence to lower valence as the applied potential goes from 1.2 to 0.15 V,
and reach a maximum value at 0.28 V. Concomitantly, the relative X-ray intensity
decreased as the applied potential goes from 0.15 to 1.2 V and reach a maximum value at
1.12 V. The upper inset shows the corresponding CV at 1 mV/s over the potential range
of 0.15-1.2 V vs. RHE. Oxidation and reduction currents in the CV are divided by two
boundary potentials, 0.28V and 1.12 V vs. RHE

Figure 7.1 X-ray diffraction patterns of as-synthesized BMOFs with different ratios of
Co and Zn precursors

Figure 7.2 SEM images of as-prepared BMOFs synthesized at room temperature (A)
BMOF Co (B) BMOF ZnCos (C) BMOF ZnCo (D) BMOF Zn3Co (E) BMOF Zn¢Co
(F) BMOF_ Zn;1Co (G) BMOF_Zn20Co (H) BMOF Zn

Figure 7.3 TEM images of pyrolyzed BMOFs at 800°C under forming gas (A)
BMOF Co (B) BMOF ZnCos (C) BMOF ZnCo (D) BMOF Zn3Co (E) BMOF Zn¢Co
(F) BMOF Zn;1Co (G) BMOF_Zn20Co (H) BMOF Zn

Figure 7.4 (A-H) SEM images of pyrolyzed BMOF Co, BMOF_ ZnCos3, BMOF ZnCo,
BMOF Zn3Co, BMOF ZnsCo, BMOF Zn;1Co, BMOF ZnxCo and BMOF Zn at

800°C in forming gas (95% Nz and 5% Hz) (I) TEM image of the pyrolyzed ZnsCo (J)
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SEM image of the pyrolyzed ZnsCo Fe (K) XRD patterns of ZnsCo and ZnsCo Fe (L)
Raman spectrum of ZnsCo and ZnsCo_Fe

Figure 7.5 Powder XRD patterns of BMOFs after pyrolysis at 800°C in forming gas
Figure 7.6 (A) TGA results of annealed BMOFs before and after acid wash, in air and
(B) BET N adsorption/desorption isotherms of BMOFs derived carbon nanocomposites
Figure 7.7 Morphology and structural characterization of BMOFs. (A) SEM image of
the as-prepared BMOF ZnsCo (B) SEM image of the pyrolyzed ZnsCo

Figure 7.8 HAADF-STEM images of Coo.oFeo.1 bimetallic nanoparticles embedded in a
MOF-derived porous carbon matrix (BMOF). (A) low-magnification STEM image of
BMOF (B) particle size distribution (PSD) histogram of about 300 particles analyzed
from (A) and Figure S4. (C) Atomic-scale STEM image of a single crystal with a d-
spacing value of 0.20 nm, indicating {111} facets of Co00.9Fe0.1. (D) Atomic-scale
STEM image of a nanoparticle with five sub-domains on the [110] zone axis and the
domain boundaries indicated as the red dashed lines. Inset shows the corresponding
Fourier transform with five pairs of {111} diffraction spots; Chemical composition of a
Coo.oFeo.1 bimetallic nanoparticle. (E-H) STEM image and the corresponding EELS
elemental maps of Co (red), Fe (green) and the composite map (Co vs. Fe). (I) Processed
EELS spectrum with pronounced Fe and Co L3,2 edges (J) STEM-EDX spectrum with
Fe Ka and Co Ka,p edges. Quantitative EDX analysis suggests Fe, Co contents of 89.2
at.% and 10.8 at.%, respectively.

Figure 7.9 Collection of low-magnification STEM images of CoooFeo.1 bimetallic

nanoparticles embedded in a MOF-derived porous carbon matrix (BMOF) (scale bar, 20
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nm). Around 300 nanoparticles were counted and analyzed for the PSD histogram in
Figure 7.8B. Very few particles larger than 15 nm were not included in the PSD histogram
Figure 7.10 STEM image of a Coo9Feo.1 bimetallic nanoparticle and the corresponding
EELS maps of Co (red), Fe (green) and the composite map (Co vs. Fe)

Figure 7.11 (A-D) and (E-H) STEM images of CoooFeo.1 bimetallic nanoparticles and
the corresponding EDX elemental maps of Co (red), Fe (green) and the composite map
(Co vs. Fe), extracted using Co and Fe Ko edges from spectrum images. The
corresponding EDX spectra can be found in Fig. 4D. Co and Fe had X-ray counts of no
less than 50 and 10 counts/pixel, respectively, and the beam dose was ~ 0.8 e/(A-s). Large
nanoparticles were selected for mitigating sample drift during long-time high-quality
EDX elemental mapping acquisition

Figure 7.12 Degradation mechanism investigation of BMOF electrocatalysts during
durability tests. (A) ORR polarization profiles of BMOF electrocatalysts at 1600 rpm and
5 mV/s after 10,000, 20,000 and 30,000 potential cycles from 0.6 to 1.0 V at 100 mV/s.
(B) EDX spectra of BMOF at the initial state and after 30,000 cycles, showing a relatively
stable Fe/Co atomic ratio. (C) STEM image of BMOF after 30,000 cycles, showing a
majority of small particles as well as aggregated larger particles. (D) PSD histogram of
BMOF after 30,000 cycles, analyzed from (C) and Figure 7.13, showing an increasing
number of larger particles, relative to the initial state in Figure 7.12B

Figure 7.13 STEM image processing. (A) raw atomic-scale STEM image of a Coo.oFeo.1
bimetallic nanoparticle. (B) image in (A) filtered using Richard-Lucy deconvolution (3
iterations). The deconvolution was processed in Imagel software assuming an Airy disk

(100 kV, amax=28 mrad) convolved with a 0.8 A Gaussian source
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Figure 7.14 Degradation mechanism investigation of BMOF electrocatalysts during
durability tests. (A) ORR polarization profiles of BMOF electrocatalysts at 1600 rpm and
5 mV/s after 10,000, 20,000 and 30,000 potential cycles from 0.6 to 1.0 V at 100 mV/s.
(B) EDX spectra of BMOF at the initial state and after 30,000 cycles, showing a relatively
stable Fe/Co atomic ratio. (C) STEM image of BMOF after 30,000 cycles, showing a
majority of small particles as well as aggregated larger particles. (D) PSD histogram of
BMOF after 30,000 cycles, analyzed from (C) and Figure 7.13, showing an increasing
number of larger particles, relative to the initial state in Figure 7.12B

Figure 7.15 (A-B) low-magnification STEM images of BMOFs after 30000 potential
cycles. Around 300 nanoparticles were counted and analyzed for the PSD histogram in

Figure 7.9
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CHAPTER 1

INTRODUCTION

1.1 Motivations

Fossil fuels have been dominating energy sources for decades, and their continuous
depletion and deleterious environmental issues necessitate the complementary
regenerative alternatives.!” A report from NASA indicated that the CO> levels before the
1950s had never exceeded 300 ppm, after which it had increased dramatically due to the
rapid development of modern industries, where tremendous level of fossil fuels are
utilized.* With the aspirational objection of clean and renewable fuels, together with the
ever-increasing global energy demands, fuel cells have attracted a great deal of attention
from both industry and academia.”® The fuel cell is an energy conversion device,
transforming the energy from chemicals, directly to electricity. It stands out from its peers
with the highest energy density as shown in the Ragone plot listed as Figure 1.17. The
figure compares various electrochemical energy conversion/storage technologies
including the conventional internal combustion engine (ICE), which shows that fuel cells,
regarded as a high-efficiency energy-conversion technologies, are able to provide with
continuous power. Other systems such as supercapacitors can perform charge/discharge
processes at very high rates but low energy densities while batteries can deliver high
energy but low power. In reality, a combined strategy of renewable energy
generation/storage technologies will be regarded to supplement if not completely replace

conventional internal combustion engines®.



Compared to turbines and internal combustion engines, fuel cells have numerous
advantages. First, their energy conversion efficiency is not limited by the Carnot cycle,
which typically restricts that of ICEs to 20-30%. Thus, fuel cells can be more efficient
and produce high power density required for start-up. Second, fuel cells are
environmentally friendly, dramatically lowering pollution related to energy technologies
using fossil fuels. Thirdly, unlike batteries, fuel cells can be refueled rapidly, typically
within minutes, making them suitable for ground transportation. Fuel cells are generally
considered as one of the key technologies for sustainable power sources with extensive
applications. For example, in 2014, Toyota commercialized the first fuel cell powered
vehicle (FCV) the Mirai, followed by Clarity from Honda and Tucson from Hyundai. The
application of fuel cells is not limited in the field of the automotive, they have also been
employed by NASA as engines for their aircrafts, even date back to the Apollo program

in the 1960s.
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Figure 1.1. Ragone plot of specific power vs specific energy for various renewable
energy conversion/storage systems in comparison to the traditional internal combustion

engine. Figure reproduced from reference 7.



1.2 Introduction to Fuel Cells

A fuel cell consists of two electrodes (namely anode and cathode), A membrane, and
gas diffusion layers. Its energy conversion performance is predominately dependent on
the overpotentials at the two electrodes. The working mechanism of fuel cells is shown
in Figure 1.2, where O is reduced at the cathode, fuels are oxidized at the anode, and
electrons transfer through the external circuit to supply the load. Fuel cells can be
categorized into various kinds based on their working conditions and fuels, where the last
three types in the figure are mostly operated at high temperatures and only suitable for
large scale stationary applications. The most commonly used low-temperature fuel cells
are polymer electrolyte membrane fuel cells (PEMFCs), and alkaline exchange
membrane fuel cell (AEMFCs), where hydrogen serves as the fuel (oxidant) in acidic or
basic media, respectively. The working efficiency and half-reactions occurring at each

electrode are indicated below:

Anode: H, —» 2H"+2e¢"/ H, + 20H™ — 2H>0 (PEMFCs / AEMFCs) E°=0V

Cathode: O, +4¢” +4H" — 2H,0;

0 +2H20 + 4¢- — 40H (PEMFCs/AEMFCs) E°=1.23V
Overall: O; + 2H, — 2H>0 E°=1.23V
Cell efficiency = Eocathofz;foamde X 100%



DIRECT METHANOL 50 -
FUEL CELL DMFC 120°C
POLYMER ELECTROLYTE
MEMBRANE FC PEM 80°C
ALKALINE 90 -
FUEL CELL AFC 100 °C
PHOSPHORICACID 100 -
FUEL CELL PAFC 250 °C
MOLTEN CA RBONATE 600 -
FUEL CELL MCFC 700 °C
SOUD OXIDE 700 -
FUEL CELL SOFC 1000 °C
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Figure 1.2. Schematic of different types of fuel cells: direct methanol fuel cells (DMFCs),
polymer electrolyte membrane fuel cells (PEMFCs), alkaline exchange membrane fuel
cell (AEMFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs)

and solid oxide fuel cells (SOFCs). Figure reproduced from reference 9.



As shown in the equation, the cell efficiency is dictated by the potential difference
between cathode and anode so that overpotentials need to be minimized. Fuel cell anodes,
now always had small overpotentials, on the order of 20 mV, due to the fast kinetics of
H: oxidation at Pt. The voltage/efficiency loss comes mostly from the cathode where
overpotentials over 300 mV are typically observed. It is generally recognized that the
sluggish kinetics of the oxygen reduction reaction (ORR) are largely responsible for such
limitation. In order to achieve a satisfactory full cell performance, Various catalysts has
been developed, and the most successful example, namely Pt-based nanoparticles, has
been commercialized to promote the reaction rates at both electrodes. The amount of Pt
needed for the hydrogen oxidation reaction (HOR) at the anode is relatively low, typically
at a level near 0.05 mg/cm? while a much higher amount (0.2 mg/cm?) of Pt is required
to catalyze the sluggish kinetics of oxygen reduction reaction (ORR) at the cathode!*-!!.

The 2017 annual report from the United States Department of Energy (DOE) shown
in Figure 1.3 presents the estimated cost to manufacture FCEs at the production level of
1000, 100,000 and 500,000 units per year, where the contribution from the catalysts
always accounts for the largest portion'!. The high cost of the electrocatalyst is due to the
scarcity of Pt, and consequently leads to the high market prices of FCVs (~57,000 dollars
for Toyata Miari). In order to lower cost, tremendous efforts have been devoted into the
development of more cost-effective precious metal based electrocatalysts and non-

precious metal alternatives, with robust durability and high precious-metal utilization

efficiencies.



Figure reproduced from

Figure 1.3. Breakdown of the 2017 projected fuel
cell stack cost at 1,000, 100,000, and 500,000
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1.3 Current Situation of ORR Electrocatalysts
Ideally, an electrocatalyst should meet three criteria, high activity, robust durability

and acceptable cost. The design principles of catalysts for PEMFCs and AEMFCs vary
significantly due to their distinct working conditions. Briefly, PEMFCs can typically
provide high power densities and durability, with a mature supply chain of Nafion
membranes and assembly techniques. However, their low operating pH electrolyte
requires catalysts that can survive such an aggressive environment. Currently, only
precious metals can operate under such conditions. AEMFCs operate under a less
corrosive working environment and anions have weaker adsorption on the surface of
electrocatalysts, contributing to less sluggish ORR kinetics. The constraints have
triggered tremendous efforts in the field to develop more efficient electrocatalysts and
membranes. The following section present a review on current state-of-art
electrocatalysts for PEMFCs and AFCs, respectively, covering materials properties,
synthesis approaches, and their pro/cons for practical applications.
1.3.1 Electrocatalysis in PEMFCs

The oxygen reduction reaction (ORR) mechanism in acidic media can be divided into
four steps, which together, with the corresponding free energy changes, are illustrated in
Figure 1.4A'?. These steps include: (1), the oxygen molecule is adsorbed on the surface
of the electrode where subsequently, one of the oxygen atoms receives a proton and an
electron; (2), the protonated oxygen atom gets a second proton and electron pair, followed
by the breaking of the O-O bond forming one water molecule on the surface; (3), proton

and electron transfer to the remaining single oxygen atom adsorbed on the surface; (4),



the newly-formed hydroxyl obtains another proton and electron pair and desorbs from the
electrode surface as water. The first and last steps involve a gain in the Gibbs free energy,
and thus one of them is likely to be the rate-determining step. The first protonation step
slows down the kinetics due to the weak binding strength of oxygen molecules to the
surface of the electrode and lower O coverage. In contrast, the last step can slow down
the process due to the possibility that oxygen molecules may bind too strongly to the
electrode and occupy active sites with intermediate species.

In order to promote the sluggish ORR, electrocatalysts are utilized. Scientists have
calculated the energy barriers of various electrocatalysts toward the ORR, as shown in
Figure 1.4B. The dashed line is the standard reduction potential of oxygen molecules, and
two solid lines are calculated Gibbs free energies for the first and last steps. The ideal
electrocatalyst should be located on the summit of the plot, with the shortest distance
away from the standard potential which means minimal overpotential. Platinum (Pt) is
the most active elemental electrocatalyst, located on the left side where the desorption
process is rate-limit. When Pt is alloyed with transition metals or it exposes a specific
facet, the electronic and ligand effects modify the surface structure, lowering the binding
energy. Although some discrepancy exists between the calculated and experimental
results, there is at least a semi-quantitative correlation between the enhancement of the
ORR activity and the regulation of the electrocatalyst surface.

Pt/Pd-based nanoparticles are generally regarded as the most active electrocatalysts in
acidic media. Considerable research has involved the structural modification of Pt/Pd

binary or ternary materials. 3d-transition metals, including Ni, Co, Fe, Mn, Cu and others,



have been alloyed with Pt to improve the ORR activity and lower the cost which is mostly

associated with the loading of precious metals'*-!”
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Figure 1.4. (A) The mechanism and calculated changes in the Gibbs free energy for the
ORR on the surface of Pt (111); (B) The correlation of the free energy and adsorption
energy of oxygen for the first and the last steps. The vertical dashed line indicates the
standard redox potential. The distance from the solid volcano profile to the horizontal
dashed line represents the ORR overpotential at the limiting exchange current. Figure

reproduced from reference 12.
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Previously, our group has designed Pd-Co bimetallic nanoparticles with optimized
chemical composition and Pt3Co with the ordered intermetallic structure for the ORR'*
19 In the case of Pt3Co, the improved activity and durability were attributed to the lattice
contraction and downshift of the d-band center, caused by the small atomic radius and
electronic structure of Co, respectively, which influence the surface binding energy with
oxygenated species’’-2!. Based on these observations, nanoparticles with a Pt/Pd shell on
the surface were prepared. Due to the relatively larger adsorption enthalpy of H on Pt/Pd
than on Co, Pt/Pd nanocatalysts significantly maintain their structural and
electrochemical integrity?>~2*. Tuning the surface and morphology of nanoparticles is also
an approach to improve the activity and utilization efficiency of precious metal based
electrocatalysts. Our group has also systematically analyzed the effects from different
dealloying conditions using PtCu; as a model. The results have demonstrated the
chemical leaching process generates spongy and porous structures, which exhibit superior
activity compared with the electrochemically leached counterparts. The gradual leaching-
out of Cu in the acidic working conditions produced a high Pt surface area, yielding
essentially the same specific activity but much higher mass activity**>.

Other researchers have also made significant progress on screening more effective
electrocatalysts. Specific surfactants and reaction conditions are utilized to synthesize
shape-selective nanoparticles, which have been further analyzed by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy
(TEM) in either ultrahigh vacuum (UHV) or near-ambient conditions to understand their
growth/nucleation processes. A variety of computation methods and models have also

been built to elucidate the mechanism of the enhancement. For example, the Strasser
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group and the Stamenkovic have studied shape-selective Pt-Ni nanoaprticles, where the

crystal facet is exclusively controlled to be (111)%%2

. The enhanced electrocatalytic
activity of the octahedral nanoparticles was associated with the low coverage of hydroxyl
species and the high density of active sites for Oz adsorption. Yang et al., have prepared
nanocrystals with a more complex architecture, with tetrahexahedral or rhombic
dodecahedral frames?®?°. Their enhanced activity was attributed to the atomic scale
compositional segregation and minimal number of buried Pt sites.

Besides high catalytic activity, robust durability is also of paramount importance. To
pursue this goal, several strategies have been implemented to modify the crystal and/or
electronic structure. For instance, the Pt-Fe and Pt-Co intermetallic systems have recently
drawn a great deal of interest due to their ability to retain their high stability under

19, 30-31

working conditions . Compared with the disordered alloys, the improvement is

believed to come from the stable intermetallic arrangement of two elements in the core,
together with the spontaneously formed Pt-rich shell.

The degradation of the electrocatalyst and the concomitant performance degradation
mainly come from the loss of the transition metal and the fact that the leached transition
metal ions in the electrolyte can, in turn, contaminate the Pt surface. The intermetallic
nanoparticles with the ordered lattice have a uniform and regular atomic structure, so the
transition metal is mostly bonded to and surrounded by Pt, dramatically mitigating
degradation. Intermetallic phases are traditionally synthesized via high temperature
annealing, in order to overcome the thermal barrier, namely slow kinetics and diffusion
rates of solid-solid reactions. However, the intensive thermal movement in return, leads

to coalescence and aggregation of catalyst particles, lowering their surface area and
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deteriorating their electrocatalytic performance. The DiSalvo and Sun groups employed
KCI matrix and MgO coating, respectively, to partially retard the intense thermal
movement of atoms, in order to the mitigate the aggregation during the structural
evolution®>**, In their cases, the inert shell can help achieve a good balance between
electrocatalytic activity and durability for practical applications. Apart from the
degradation due to agglomeration, the distortion of shape-controlled nanoparticles can
also result in activity losses. To address this, the Strasser and the Huang groups reported
that doping in a relatively low content of a third metal, like Rh and Mo, can stabilize the
atomic structure. Rh is preferentially located at the edge of the octahedral crystals and
Mo forms strong binding with Pt and Ni, to suppress the diffusion and dissolution of Pt
and Ni atoms®>-3,

In addition to precious metal based electrocatalysts that are extensively used for
PEMFCs, nitrogen doped carbon materials have emerged as a way to bring down cost
since 1964, when Jasinski discovered the catalysis of ORR by Co-phthalocyanine®’. The
Zelenay and Dodlet groups have reported a class of Metal/Nitrogen/Carbon (M/N/C)
catalysts for the ORR, where Co/Fe is coordinated with doped nitrogen (Fe-N4/Co-Na)
encapsulated in a carbon matrix, obtained from the pyrolysis from organic
macromolecules, most likely serving as active sites*®4’,

Assorted macromolecules and metal-organic-frameworks have been used as precursors
of N and metals, with optimized thermal and acid-treatments to control the architecture
and composition. The resulting M/N/C-catalysts commonly have a high N content, high

graphitization degree and both meso- and micro- porosity, that are designed to achieve

sufficient active site density, high electronic conductivity and O, transport, respectively.
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However, despite of extensive efforts, the relatively low volumetric activity of the M/N/C
catalysts has impeded their technical and commercial feasibility. To address this
challenge and uncover complex working mechanisms, various techniques, including
Mossbauer spectroscopy, TEM, XPS and X-ray absorption near edge structure/X-ray
Absorption Fine Structure (XANES/XAFS) have been employed, to either directly
visualize active sites or unravel the correlation among electrochemical properties of
M/N/C catalysts, their catalytic activities, and durability.

1.3.2 Electrocatalysis in AEMFCs

Along with the development of PEMFCs, AEMFCs have also drawn a great deal of
attention recently. The alkaline electrolyte in AEMFCs provides milder working
conditions for the electrocatalyst, that enables the use of less expensive non-precious-
group-metal (PGM) based catalysts. The implementation of PGM-free-catalysts can
circumvent the obstacle of high price caused by the scarcity of precious metals. At the
same time, the adsorption energy of anions is weakened in the basic media, which
promotes the kinetics of the ORR.

Although Pt and Pd based nanoparticles are still among the best candidates applied to
AEMEFCs, spinels (AB20s), perovskites (ABOs3) and nitrogen-doped carbon (NC)
materials have been reported recently to exhibit promising activity in ORR
electrocatalysis*!. In the category of spinel oxides, Co and Mn based oxides have
generated extensive interest due to their variable valence states and, unique crystal and
electronic structures. Dai et al. has performed a comprehensive investigation of C0304
monometallic oxides, and later substituted Co partially with Mn loaded on a nitrogen-

doped reduced graphene oxide support. Compared with the conventional Vulcan carbon
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supported catalysts, CoMnO exhibited improved activity that was attributed to the
synergistic behavior arising from the covalent coupling between nanoparticles and

42-43 Moreover, Chen group has reported facile, general and mild condition

supports
synthesis methodologies to prepare a series of MnxCo03.xO4 spinel nanocrystallites with
controllable compositions and crystal phases. The correlation between structural
properties and electrocatalytic activity of MnxCo3xO4 was established by virtue of the
selective synthesis for MnxCo3.xO4 nanoparticles, exclusively in cubic or tetragonal spinel
structures*+.

Nano-structured carbon materials, doped with heteroatoms or single metallic atoms,
have also been demonstrated to be promising electrocatalysts for ORR. Besides
traditional organic molecules/polymers, such as polyaniline, cyanamide, phenanthroline
and others, metal-organic-frameworks (MOFs) have also recently stimulated interest in
the field as precursors/templates to fabricate PGM free catalysts. This family of materials
feature high surface areas (1000-10000 m?/g), homogenous distribution and high content
of nitrogen, as well as the tunable 3D geometry; all favorable for electrochemical
reactions. The Lou group has utilized ZIF-67 (Co as central metallic atoms and imidazole
as organic ligands) as a single source for the carbon, nitrogen and transition metal*.
Under optimized thermal treatment conditions, a significant amounts of interconnected
carbon nanotubes (CNTs) grow in the skeleton of polyhedral carbon crystals, forming
hollow-structured hierarchical frameworks. They represented remarkable bifunctional
electrocatalytic activities for both ORR and the oxygen evolution reaction (OER), with

robust chemical and structural architectures. Liang et al. have further enhanced the

activity of MOF-based catalysts by combining ZIF-67 and ZIF-8 to form bimetallic
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organic frameworks (BMOFs) as self-sacrificial template, and subsequently doping with
additional phosphorus, to simultaneously obtain high graphitization, high heteroatom
dopant content and hierarchical porosity*’”. The optimized material exhibited
extraordinary long-term durability and high tolerance to methanol over the working

potential window.

1.4 Research Overview

Inspired by previous works, my PhD dissertation can be divided into two categories.
The first one is related to the design and development of novel nanostructured materials
for the energy applications, together with structural characterizations. The start point is
the high-loading Pt3Co intermetallic, which is a practical ORR electrocatalytic material
that has received extensive attention from major auto manufacturing collaborators such
as General Motors and Nissan. To better utilize Pt3Co in industrial applications, I have
optimized the structure of the carbon support, varied the loading of precious metal and
modified the chemical and atomic structures of the nanoparticle, so as to optimize power
density in MEAs. In addition to the structurally ordered Pt-based intermetallics, I have
also studied surface modified nanoparticles with a compositionally-optimized core, to
enhance the intrinsic activity with a high Pt utilization efficiency. Precious-metal-based
materials are still the best candidates for PEMFCs, although they are also responsible for
the high cost. Several kinds of non-precious-metal catalysts, including ternary spinel
oxides and BMOF derived nanoporous carbon materials, have also been rationally

designed fo application in alkaline media. Their low cost, promising activity and robust
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durability, provide design guidance for the development of more cost-effective
alternatives.

The second aspect of my research has been the in sifu study on the formation and
degradation processes of the prepared nanomaterials described above. A series of in situ
techniques were combined to learn the atomic and morphological changes during the
structural evolution of bimetallic nanoparticles at high temperatures. A particular focus
has been the coupling of synchrotron-based X-ray methods with electrochemical
technologies to track catalytic processes under working conditions. These two directions
have yielded deep and detailed information on nanocatalysts at the micro/macroscopic
level. These results now yielded valuable insights for the development and preparation of

next-generation high performance fuel cell electrocatalysts.
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CHAPTER 2

METHODOLOGY

2.1 Electrochemical Instrumentations
2.1.2 Potentiostats

All electrochemical characterizations were performed using several potentiostats,
including a Solartron model 1280 B and a Pine AFRDES bipotentiostat with data
collected by LABVIEW software. ORR polarization profiles (RDE experiments), cyclic
voltammetry and rotating ring-disk electrode (RRDE) characterizations were performed
on a Pine AFRDES bipotentiostat equipped with a Pine Instruments AFMSRX analytical
rotator. All CO-stripping experiments were carried out on the Solartron potentiostats.
2.1.3 Working, Reference and Counter Electrodes

Two kinds of working electrodes (rotating disk electrodes) were used in the
electrochemical experiments. One was homemade and the other was a commercial
product from Pine Instruments. A glassy carbon rod (d=5 mm, 5 mm in length) was
inserted into a Telfon rod shroud, with carbon fiber wool filled in the back side of the
electrode to make electrical contact. A stainless-steel rod used to connect the electrode to
rotator, was fixed at the bottom of the Telfon rod with epoxy (double/bubble). The glassy
carbon disk Pt ring rotating ring-disk electrode was purchased from Pine Instruments
(E6R2 fixed-disk RRDE tips peek), with disk OD = 5.5mm, ring OD = 8.5mm and ring

ID = 6.5mm. The collection efficiency (N) was measured to be 38% in K3Fe(CN)s
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electrolyte. Before each electrochemical measurement, electrodes have polished with the
finest sandpaper (1200/P2500) followed by 1 um diamond paste (METADI-Buehler) and
aluminum oxide powders (® = 0.2 um) on a Buehler polishing clothing.

IM KCI or saturated KCl Ag/AgCl electrodes were used as reference electrodes
purchased from CH instruments. All measured potentials were converted to the reversible
hydrogen electrode (RHE) scale using the following equation:

EruE = Eagagar+ 0.197 (sat KCI1)/0.235 (1M KCI) + 0.0592x pH

A large area Pt wire was used as the counter electrode in the measurement of precious
metal catalysts while a graphite rod was used for non-precious-metal catalysts to avoid
any contamination from the precious metal. A home-made glass cell was used, with a
main chamber in the center and two side chambers. A fine porosity glass frit separated
the main chamber and two side chambers to prevent the electrolyte mixing but

maintaining sufficient ionic conductivity.

2.2 Customized Setup

2.2.1 In situ Heating X-ray Setup

To track the structural evolution of bimetallic nanoparticles at high temperatures, a
custom-designed setup was used to mimic the real synthesis conditions and record
changes in the XRD pattern during the annealing process. The in situ heating setup was
modified based on a SabreTube furnace (Absolute Nano, Wixom, MI), where a piece of
Si single crystal strip was used as the heating stage, fixed in the center of a quartz tube,
as shown in Figure 2.1A with a photo of the setup shown in Figure 2.1B!. The main quartz

chamber had two windows that were covered with Kapton films and had a tilt angle near
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5 degrees. Another piece of Si single crystal with a 200 um thick depression was used as
the sample holder and placed on the heating stage with a thermocouple underneath to
control the heating temperature during the test. XRD patterns were directly measured as
d spacings by a Pilatus 100K (Dectris, Switzerland) pixel array detector and calibrated
with CeOz powder. The XRD patterns of Pt3Co/C, before and after the annealing process,
prepared in a regular flow furnace, have been measured ex sifu to test the reliability of the
setup, as shown in Figure 2.2. All XRD patterns were measured on an X-ray energy of
19.6 keV with a wavelength of 0.63 R in the unit of d spacing, and further converted to
20 using Cu Ka radiation keV at the wavelength of 1.5406 R. After the conversion, they
were well consistent with those measured with powder XRD, which demonstrated that
results from the in situ heating setup properly reflected the crystal structural evolution of

annealed materials.
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Figure 2.1. (A). Schematic figure of the in situ heating setup (modified based on
SabreTube furnace). Figure reproduced from reference 1. (B). Photo of the in sifu heating

setup in the synchrotron. Figure reproduced from reference 1.
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Figure 2.2 The measured XRD patterns of non-annealed/annealed (alloy/intermetallic)

Pt3Co/C in the synchrotron (A) measured directly in d spacing (B) converted to 20 using

Cu Ko radiation. Figure reproduced from reference 1.
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2.2.2 In situ XANES/XAS Setup

To analyze in situ the electrocatalytic mechanism of ternary metallic spinel oxides
under real working conditions, a custom-designed in situ XANES/XAS setup was
fabricated to couple the electrochemical reaction with the XANES/XAS measurements.
A schematic figure is shown in Figure 2.3A. The setup consists of two Teflon blocks,
with a hole at the center of each of them. The holes are covered with Kapton film allowing
X-rays to go through with minimal attenuation. The working electrode (WE) was made
of carbon paper with catalysts loaded on its tip (1cmx1cm), and placed right between the
two Kapton-covered holes. A graphite rod served as the counter electrode (CE) immersed
in 1M NaOH electrolyte next to the WE. The reference electrode (RE, Ag/AgCl in
saturated KCl) was connected to the cell by a salt bridge and the distance between the RE
and the catalyst layer at the end tip of the carbon paper was minimized to reduce the IR
drop. The thickness of the electrolyte layer between two Kapton films was near 100-200
um, to guarantee that the X-ray can penetrate it and the signal can be collected by the
detector downstream. A Teflon cap on the top fixed by four screws at the four corners to
help maintain airtightness, while a gas inlet and a gas outlet were at two sides of the cap
to saturate the electrolyte with Ar or Oa.

The reliability of the setup was tested by obtaining the cyclic voltammetric profiles of
a trimetallic cubic spinel oxide for three successive cycles, shown in Figure 2.3B. There
are essentially no difference between the CV obtained in the in situ analysis setup and a
conventional electrochemical cell. Several redox couples can be observed in the CV with
negligible degradation during the first 3 cycles. Detailed descriptions about the setup can

be found in references 2 and 3.
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Figure 2.3 (A) Schematic of the in situ XANES/XAS electrochemical cell. Working
electrode (WE, catalyst on carbon paper) and counter electrode (CE, carbon rod) were
immersed in 1M KOH solution. Reference electrode (RE, Ag/AgCl in saturated KCl) was
connected to the cell by a salt bridge and the distance between RE and catalysts at the end
of the carbon paper was minimized to reduce IR drops caused by the resistance in the thin
electrolyte layer (< 200 um) in the X-ray window. (B) Three cyclic voltammetry profiles
that were collected during X-ray measurements for a trimetallic cubic spinel oxide. Figure

reproduced from references 2 and 3.
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2.3 Electrochemical Characterizations
2.3.1 Cyclic Voltammetry

For most materials, cyclic voltammetric profiles were obtained at 50 mV/s until the
material subject to test was stabilized (typically 50 cycles) on the potential window of
0.05-1.1 V vs. RHE for precious-metal catalysts or 0.15-1.2 V vs. RHE for non-precious-
metal catalysts, respectively. After the material exhibited a stable response, the cyclic
voltammetric profiles was recorded at a rate of 20 mV/s for Pt-based catalysts to measure
the electrochemical surface area (ECSA). The ECSA is calculated by integrating the area
under the hydrogen adsorption region, between 0.05 to 0.4 V with a conversion factor of
200 pC cm243. For non-precious-metal catalysts, like spinel oxides, the potential window
was positively shifted by 0.1 V to 0.15-1.2 V vs. RHE to avoid the possible reduction of
the metal oxides and keep the integrity of the crystal structure. For the bimetallic-organic-
frameworks (BMOFs) derived carbon materials, the potential window was 0.05 -1.1 V.
Due to the high surface area and pseudocapacity from the carbon support (carbon
nanotubes for spinel oxides), the cyclic voltammetric profiles at 5 mV/s was also recorded
to subtract the background signal when comparing the electrocatalytic activity.

There are two protocols used in the stability testing, one involved scanning between
0.05-1.0 V at 50 mV/s and the other involved scanning between 0.6-1.0 V at 100 mV/s.
The second one is more practical since the cathodic reaction is always taking place at
potentials higher than 0.6 V vs. RHE.

2.3.2 ORR Polarization Curves
RDE and RRDE experiments were performed to compare the ORR catalytic activity

of different materials. Typically, the polarization curve was recorded over the potential
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window between 0.2-1.1 V at a scan rate of 5 mV/s at a rotation rate of 1,600 rpm. There
are two metrics used for comparison, one is the half-wave potential (Ei2) and the other is
the diffusion limiting current (Is), where Ei» reflects the activity and Ig shows the
selectivity of the reaction. For the ORR, the more positive the E1. is, the more active the
catalyst is and the enhancement in the mass/specific activity can be in an order of
magnitude. Kinetic activities (Ix) can be calculated through the Koutecky—Levich

equation, as below® ’:

Here, I is the measured current density at different voltages, Ii is kinetic current density
and Iq is the diffusion limited current density. The theoretical 14 should be equal to the
value calculated from Levich equation:

I; = 0.62nFAD?*/3y~Yewl/2C,,

In this case, we assume that O> has been completely reduced to water via the 4-electron
transfer route. However, if the measured diffusion limited current is obviously smaller
than the theoretical value, RRDE experiments are required to identify the production of
peroxide over the working potential window. The rotating Pt-ring GC-disk electrode was
used with the catalyst ink dropped on the central disk and the potential scanned from 0.2
to 1.1 V. The potential of the ring is kept at 1.2 V, where any produced peroxide from the
disk will be re-oxidized at the ring electrode. The average electron transfer number and
the peroxide yield can be calculated with the equation below®, where N is the collection

efficiency of the electrode:

41,

n (electron transfer number) = m
d T
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21,

%H,0, (peroxide yield) = %X 100%

N
Lk

The Pt-based system is well-established and always has a peroxide yield lower than a
few percent at a catalyst loading of 20 pg/cm?. For non-precious metal oxides, the higher
the loading is, the lower the peroxide yield becomes due to the thicker catalyst layer
rendering a higher possibility for them to be reduced by nearby sites rather than fleeing
into the electrolyte’. Based on the report by Dodelet and Dahn, when the catalyst loading
is high enough (>800 pg/cm?), the peroxide yield could be controlled to be below 5%.
2.3.3 CO Stripping

The setup for CO stripping experiment is similar to the one for cyclic voltammetry and
RDE experiments, except that the electrode is first dosed with CO, enabling a monolayer
adsorption of CO molecules on the surface of the electrocatalysts. For Pt based catalysts,
the dosing process is conducted at 0.05 V vs RHE for 10 mins while for Pd based
materials, the dosing potential is fixed at 0.2 V vs RHE due to a stronger binding strength
between Pd and CO. Subsequently, the bubbling gas is switched to Ar for 10-20 mins to
remove any remaining CO dissolved in the electrolyte. The scan rate during CO stripping
experiments can be varied from 5 to 50 mV/s over the potential range between 0.05 V to

1.2 V, with a conversion factor of 420 uC/cm? ',
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CHAPTER 3

HIGH-LOADING INTERMETALLIC PT3CO/C CORE-SHELL
NANOPARTICLES AS ENHANCED ACTIVITY
ELECTROCATALYSTS TOWARDS THE OXYGEN REDUCTION

REACTION (ORR)

Reproduced from Chem. Mater. 2018, 30, 5, 1532-1539
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3.1 Abstract

A facile, seed-mediated, growth method and post-annealing treatment have been
employed to synthesize a single-phase 40% mass-loading intermetallic Pt3Co/Vulcan
electrocatalyst, which can make the electrocatalytic layer thinner, thus lowering the mass
transport resistance for the ORR in proton exchange membrane fuel cells (PEMFCs).
These 40% Pt3Co/C nanocatalysts exhibited superior kinetics towards the ORR, relative
to a 20% Pt:Co/C catalyst, and only showed a slight degradation in the half-wave
potential and electrochemical surface area after a 4,000-cycle stability test. The high
activity and stability are attributed to a stable intermetallic Pt3Co core with a 2-3 atomic-
layer-thick Pt-shell, as well as its good dispersion on the support. This seed-mediated
growth approach and post-annealing treatment provide a new strategy to ensure single-
phase formation and uniform particle size distribution for other high mass-loading binary
intermetallic/alloy electrocatalyst systems and can contribute to the practical
commercialization of PEMFCs, especially in high current density applications, like

automotive.

3.2 Introduction

Proton exchange membrane fuel cells (PEMFCs) are regarded as one of the most
promising energy conversion technologies owing to their high efficiency, of around 90%,
and environmental sustainability. A significant hurdle that prevents the large-scale
deployment of PEMFC stems from the oxygen reduction reaction (ORR) at the cathode,
where the sluggish kinetics need to be addressed with carefully designed

electrocatalysts.!® Extensive studies have been carried out on Pt-based catalysts,
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followed by investigations of Pt-M alloys in which M can be Fe, Cu, Cr, Co or other 3d
transition metals, mostly emphasizing the PtzM stoichiometry (M=transition metal).*!2
These alloys exhibit superior electrocatalytic activity compared to pure Pt, due to
electronic modifications, as well as ligand and strain effects, which are known to weaken
the adsorption strength of intermediate species, resulting in enhanced kinetics.!* These
materials also offer a cost advantage due to the high abundance of first row transition
metals. There has also been some work on Pt-coated nanoparticles,'*!7and nitrogen-
doped non-precious metal catalysts, such as graphene and carbon nanotubes
complexes.!82° Among all reported catalysts, Pt-Co and Pt-Ni alloys are generally
regarded as having the highest electrocatalytic activity, especially in fuel cell applications
requiring high current densities.

Previously, we reported on a family of Pt/Pt3Co nanocatalysts, composed of a 2-3 atom
thick Pt shell, and an ordered intermetallic Pts3Co core, which exhibited exceptional
electrocatalytic activity after high temperature annealing. However, the low loading of
most state-of-the-art catalyst materials on carbonaceous support matrices, limits their
practical application, especially at high current densities, where even for the best, Pt-
based catalysts, around a 0.4 mg/cm? Pt loading is required. This usually results in a thick
catalyst layer, which increases the mass transfer resistance and deteriorates MEA
performance.?! This dilemma could, in principle, be solved by using higher mass loadings,
which would make the catalyst layer thinner and thus enhance mass transport. However,
because of the enthalpies of mixing involved during the formation of ordered
intermetallics, the synthesis process requires high-temperature treatments, especially for

Pt3Co, whose ordering temperature is above 700 °C. Electroactive nanoparticles tend to
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undergo aggregation/sintering during high temperature annealing processes, forming
large particles, thus lowering the specific surface area which, in turn, compromises
electrocatalytic activity.

To prevent aggregation at high temperatures and obtain small particle sizes, Sun and
coworkers used MgO as a protective coating during the synthesis of structurally
disordered PtFe nanoparticles, and then employed a high temperature heat-treatment.
After annealing, the MgO protective layer was dissolved in dilute nitric acid. This process
yielded small, carbon supported, intermetallic fct-PtFe with small particle sizes.?
Similarly, Hyeon and coworkers reported on the use of carbonized polydopamine as both,
the carbon source, and protective layer. Dopamine has a strong affinity for metal atoms
and prevents them from aggregating. It was polymerized on the pre-synthesized
disordered PtFe nanoparticles and then annealed at 700°C to carbonize the polydopamine
and facilitate the conversion to the ordered fct-PtFe.?* Lee and co-workers took advantage
of the interaction between a metal precursor and a mesoporous aluminosilicate to
suppress aggregation of nanoparticles.?* They incorporated Pt-based nanoparticles on the
surface of the ordered mesoporous aluminosilicate support, and used HF to remove the
frame before electrochemical characterization. Alumina interacts strongly with Pt-group
metals and induces a relatively small particle size and good dispersion of the loaded metal.
It also limits aggregation during high temperature treatments/annealing.

However, most of the reported intermetallic nanoparticles used as electrocatalysts in
fuel cells, employ a loading of 20 wt% on carbon supports. Significant aggregation has
been observed when the metal mass loading is increased, since metal atoms have a strong

affinity for each other and, thus, are more likely to agglomerate.

40



Herein, we report a facile, seed-mediated impregnation method to synthesize high
loading (40%) Pt;Co/C intermetallic electrocatalysts dispersed on a carbon matrix,
effectively doubling the mass loading compared with state-of-the-art materials, without
sacrificing its mass activity or specific activity.?> One clear advantage of the method is
the elimination of the need for energy-consuming filtering and washing procedures,
making it suitable for large-scale production.?® The use of seeds helps to obtain high
dispersions at high metal mass loading.?”> 2 The high loading electrocatalysts are well-
dispersed with no signs of particle segregation or phase separation, and offer exceptional
electrocatalytic activity and durability, and represent attractive candidates for high current

density operation.

3.3 Experimental Section
3.3.1 Sample Preparation

The 20% carbon supported Pt3Co seeds were synthesized by the impregnation method
we reported previously. Briefly, 46.5 mg (0.09 mmol) H>PtClee6H>O, 7.1 mg
CoCl,#6H>0 (0.03 mmol) were dissolved in 2 mL of deionized water and 77.3 mg of
vulcan-72R support were dispersed in it. The suspension was ultrasonicated for 30 mins,
and then evaporated by heating with magnetic stirring to form a smooth slurry. After
leaving the as-obtained slurry overnight, the slurry was dried in an oven at 60°C. The
black powder was gently ground in an agate mortar, and was subsequently placed in a
flowing furnace at 300°C under H»/N; for 2 hrs, then annealed at 600°C for 2 hrs. Finally,
the product was cooled down under an N atmosphere. 44 mg of the uniformly-distributed

20% Pt3Co/C, synthesized before, were used as seed and added to 26.5 mg of H,PtCls
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and 4.1 mg of CoCl,e6H>O, ultrasonicated for 15 mins to blend them, and gently heated
to evaporate the solvent. The formed slurry was thick and smooth and was subsequently
dried in an oven at 60°C. A free-flowing powder was obtained after grinding. It was
subsequently transferred into a tube furnace and heated at 200 °C for 2 hrs, and then at
700 °C for another 2 hrs, both under Hz/N>.

3.3.2 Structural Characterization

The crystal structure of the synthesized Pt3Co/C was confirmed by XRD using a
Rigaku Ultima VI X-ray diffractometer, measured from 10° to 90°. An FEI T12 - Spirit
TEM was used to image the Pt3Co/C nanoparticles, dispersed on carbon, before and after
stability testing. Samples were thoroughly ultrasonicated in ethanol before being drop
cast on carbon-laced copper grids. The accelerating voltage was 120 kV for bright field
TEM imaging. Size distributions were obtained from TEM images using ImageJ software.
Thermogravimetric analysis (TGA) was used to verify the intermetallic loading on the
carbon matrix.

High-resolution TEM and SAED were performed using an FEI Tecnai F-20 operated
at 200 kV. STEM images and elemental EELS maps were acquired on a fifth-order
aberration-corrected STEM (Cornell Nion UltraSTEM) operated at 100kV with a beam
convergence semi-angle of 30 mrad. Subangstrom resolution is achievable under such
operating conditions.?” Pt and Co maps were extracted using Co L-edge and Pt M-edge
transitions as described in a previous publication.*

3.3.3 Electrochemical Characterization
Electrochemical measurements were performed in 0.1M HCIO4 on a Solartron

electrochemical analyzer at room temperature. 5 mg of the 40% Pt;:Co intermetallic
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catalyst were mixed with 2 mL of 0.05 wt% Nafion/ethanol solution and subsequently
sonicated. 10 uL of the resulting catalyst ink were loaded onto a 5 mm glassy carbon
electrode, followed by thermal evaporation of the solvent. A coiled Pt wire was used as
the counter electrode and a Ag/AgCl, in saturated KCl, served as the reference electrode.
ORR measurements were carried using a rotating disk electrode (RDE) in oxygen-
saturated 0.1M HCIlO4 solution at rotation rates from 100 rpm to 1600 rpm, and IR
correction was performed based on the resistance of the RDE. The ORR profiles were
obtained after 50 potential cycles in 0.1M HClO4 over the potential range from 0.05 to
1.1 V at 50 mVs™! to remove surface contamination. Cyclic voltammetry was performed
to calculate the electrochemical surface area (ECSA), by integrating the charge under the
hydrogen adsorption/desorption region from 0 V to +0.4 V. Durability tests were carried
out by continuous scanning cyclic voltammetry for 2000 and 4000 cycles. ECSA
measurements and ORR profiles were also obtained after cycling so as to evaluate
stability. The intrinsic resistivity of Vulcan 72R, 20% Pt3:Co/C and 40% Pt:Co/C were
measured to be 0.033, 0.022 and 0.013 ohmecm, respectively, via Cascade CP06 Four

Point Probe Setup.

3.4 Results and Discussion

The synthesis route of the seed mediated growth of the 40% Pt:Co/C intermetallic is
schematically presented in Figure 3.1. The structure of the 20% Pt:Co/C metal-loading
seeds and final products were controlled by heat-treatment of the Pt3:Co/C alloys
synthesized via an impregnation method at different temperatures in a forming gas (5%

H> and 95% N») atmosphere. The X-ray diffraction (XRD) patterns of the 40% Pt:Co/C
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Figure 3.1 Schematic illustration of the synthesis procedure of the 40% Pt3Co/C

electrocatalyst.
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Figure 3.2 XRD and SAED patterns of 40% Pt;Co/C. (A) XRD pattern of Pt3Co/C
compared with the standard Pt;Co reflections (PDF card # 04-006-8057). (B) Selected

area electron diffraction (SAED) of Pt3Co/C nanoparticles in the inset.
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Figure 3.3 left: XRD pattern of 20% Pt3:Co/C alloy, intermetallics, and 40% Pt;:Co/C
intermetallics prepared by seed-mediated growth method; right: 20% and 40% Pt3Co/C
nanoparticles prepared via conventional one-step impregnation method, after high-

temperature annealing.
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alloys and structurally ordered seeds, as well as that of a 20% loading intermetallic
Pt3Co/C product are shown in Figure 3.2A and Figure 3.3, respectively. The 20% mass
loading sample, reduced at 300°C, exhibited the features typical of a face-centered cubic
(fcc) lattice. As shown in Figure 3.2A, the 40% Pt3Co/C sample exhibited the typical Pt
face-centered cubic (fcc) structure, corresponding to (111), (200), (220) and (311) facets.
The XRD peak positions are shifted to higher angles ((111) peak at 40.72°), relative to
the standard Pt XRD ((111) at 39.76°, PDF # 00-004-0802), indicating that Co, with a
smaller atomic radius, is incorporated into the Pt lattice to form an alloy with a resulting
lattice contraction. After heat-treatment, the 20% and 40% intermetallic Pt;Co/C samples
exhibited pronounced (110) and (210) peaks, confirming the ordered structure of the
Pt3:Co intermetallic phase (Figure 3.3). In contrast to materials prepared by the
conventional one-step impregnation method at the same loading, which generally phase
segregate (Figure S1), the 40% intermetallics from the seed-mediated growth method
exhibited a single phase. Using the full-width at half-maximum (FWHM) of the (220)
peak and the Debye-Scherrer equation, the average particle size of the 40% Pt:Co/C
sample was calculated to be 7.1 £ 0.8 nm, which is similar to that of the 20% Pt3:Co/C
(6.5 £ 1 nm) shown in Figure 3.3. The selected area electron diffraction (SAED) pattern
unambiguously established the crystal structure to be that of the 40% Pt3Co/C (Figure
3.2B). The angular distribution of the diffraction spots of Pt3Co/C, in reciprocal space,
showed the existence of major facets, such as (111) and (200), as well as intermetallic
facets, such as (211) and (300), which are all consistent with the XRD data. The
successful synthesis of the 40% Pt;Co/C intermetallic is attributed to the use of 20%

Pt3Co/C intermetallics as mediating seeds, which largely prevents the phase segregation
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Figure 3.4 TGA of 40% Pt3:Co/C in N2/O2 (80% N> and 20% O:) atmosphere.
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Element Series i‘tt.o(;)l \ivvil%;:t
Cobalt L-series 1.14 3.57

Platinum M-series 3.42 35.49
Carbon K-series 95.44 60.94

Table 3.1 EDX of Elemental information of Pt and Co
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caused by the possible redistribution of impregnated species and lattice mismatch during
the particle formation process, and also promotes the even distribution of the constituent
metals, even after high temperature treatment. 3! 32

The loading of the product was established by thermo gravimetric analysis (TGA) and
energy-dispersive X-ray spectroscopy (EDX). As shown in Figure 3.4, the weight loss of
a Pt3Co/C nanocomposite sample, after being heated to 550°C, is attributed to both the
removal of the carbon support and the oxidation of the metals. Assuming that all metals
formed oxides, the theoretically determined remaining weight should be 47%, which is
very close to the experimental result of 45% (43%). Table 3.1 shows that the atomic ratio
of Pt to Co is 3:1 and that carbon represents around 60% of the total weight. These values

are all consistent with expectation.

The chemical composition of the surface of the Pt3Co nanoparticles was investigated
using electron energy loss spectroscopy (EELS) employing an aberration-corrected
STEM operated at 100 kV. The TEM image shows that most of the Pt3Co particles are
evenly distributed on the Vulcan carbon support, as shown in Figure 3.5. The narrow size
distribution of the particles in Figure 3.5B, which was obtained from over 300 particles,
exhibits an average particle size of around 5 nm in diameter, which is slightly smaller
than the value calculated from XRD. XRD gives volumetric-weighted measurements,
which may overestimate the geometric particle size.’® The average particle size of the 40%
Pt3Co/C catalyst is comparable to that of the 20% Pt:Co/C, as determined from TEM
images in Figure 3.6 (about 4.5 nm from the histogram in Figure 3.7, statistics based on
counting over 200 particles). This indicates that 40% Pt3Co/C can be grown with small

particle size and thus large electrochemical surface area, although the mass loading has
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been doubled. Figures 3.5C and D present bright field (BF) and high angle annular dark
field (HAADF) images of Pt;Co/C acquired with a fifth-order aberration-corrected
scanning transmission microscope (STEM) operated at 100 kV. Atomic-resolution BF
and HAADF images of two 5 nm nanoparticles clearly show the (111) lattice spacing

along the [000] zone axis.

The surface chemical composition of the Pt3Co nanoparticles was explored using
electron energy loss spectroscopy (EELS).>* Figure 3.8A shows the atomic-scale
HAADEF-STEM image of a Pt3Co nanoparticle. Figures 3.8B and 3.8C show the color
mapping of the Pt (red) and Co (green) projected elemental distributions within the
particle. The Pt (red) versus Co (green) composite image indicates that the Pt3Co core
(yellow) is surrounded by a thin pure Pt shell. The line profiles (Figure 3.8C) across the
(111) facet in Figures 3.8B and 3.8C show that the Pt shell thickness is about 0.6 nm, or
about 2-3 atomic layers. The image also shows that the outside of the Pt;Co particles is
decorated by a small amount of Co/CoOx. This layer of Co/CoOyx, however, will not
influence the electrochemical activity of Pt3Co/C, since it will quickly dissolve under
acidic conditions. The cyclic voltammetric (CV) profiles of 40% Pt:Co/C were obtained
in Op-saturated 0.1M HCIO4 solution at various scan rates, from 5 mVs'! to 50 mVs
(Figure 3.9A). Figure 3.9D shows the CV profiles of 20% and 40% intermetallic
nanoparticles, evaluated at a scan rate of 20 mV s'!. The electrochemically active surface
area (ECSA) of the Pt3Co/C catalysts was calculated by measuring the average charge in
the Hupa adsorption/desorption region from 0-0.4V after double-layer correction, with a
conversion factor of 200 uC cm™? for the adsorption of a hydrogen monolayer.*> 3¢ When

normalized to the amount of Pt present on the catalyst layer, the 20% loading had a
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Figure 3.5 BF-TEM and HAADF-STEM images of 40% Pt:Co/C. (A) BF-TEM image
of Pt3Co/C. (B) Particle size distribution of Pt3Co nanoparticles in Figure 3.5A. (C, D)
Atomic-resolution BF-TEM image (C) and HAADF-STEM image (D) of Pt3Co/C with

arrow marks indicating the (111) lattice spacing.
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Figure 3.6 20% Pt:Co/C intermetallic nanoparticles low-magnification TEM image.
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Figure 3.7 Particle size histogram of 20% Pt3Co/C intermetallic nanoparticles.
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Figure 3.8 HAADF-STEM image of Pt3Co/C and EELS elemental mapping of 40%
Pt3:Co/C. (A) HAADF-STEM image of a Pt3Co/C nanoparticle with parallel lines and
arrow marks indicating (111) lattice spacing. (B-D) EELS maps of Pt (B), Co (C) and the
composite Pt versus Co (D). (E) Line profiles extracted from the boxed areas in (B), (C)

across the facet showing that the Pt shell is ~ 0.6 nm thick.
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Figure 3.9 (A) Cyclic voltammetry at various scan rates of 40% Pt3Co/C in 0.1M HClOs.
(B) RDE measurement of 40% Pt3Co/C at various rotation rates. (C). Comparison of the
RDE curves of 20% and 40% Pt:Co/C at 1600rpm. (D) Cyclic voltammetry curve of 20%
(red) and 40% (black) Pt3Co/C electrocatalysts scanned at 20mV/s, with the shaded

regions representing the ECSA of the catalyst. (E) Comparison of specific activities for
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20% and 40% Pt3Co/C at 0.85 V, 0.90 V, and 0.95 V, respectively, normalized to
geometric area. (F) Intrinsic current density for 20% and 40% loading Pt3;Co/C

electrocatalysts from RDE measurements at 1600 rpm, normalized to the geometric area.
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slightly higher ECSA (ca 20%) than the 40% loading. However, they both exhibited
virtually identical electrochemical activity when normalized to ECSA and mass (Figure
3.10).

The ORR activity and durability of the 20% and 40% intermetallic Pt3Co/C catalysts
were further investigated using RDE in 0.1 M HCIO4 at room temperature. All electrodes
were conditioned before testing by cycling the potential from 0.05 V to 1.0 V at a rate of
50 mVs! to remove any surface contamination. Figure 3.9B presents the ORR
polarization curves of a 40% Pt;Co/C intermetallic catalyst at various rotation rates
ranging from 100 to 1600 rpm. The current exhibits kinetic control at the most positive
potentials. At more-negative potentials, as anticipated, the current eventually becomes
controlled by mass transport. The current density reached 5.6 mA c¢cm in the diffusion-
limited region, which is a typical value for the 4e” reduction of oxygen in 0.1M HCIO4
saturated with O, at 1600 rpm based on the Levich equation.?” The current onset potential
for the 40% intermetallic Pt3Co/C catalyst was ~1.07 V, and the half-wave potential was
~0.943V, around 17 mV higher than that of the 20% material, as shown in Figure 3.9C,
indicating its high electrocatalytic activity. This catalyst is among the best reported ORR

38-43

catalysts in acid media. The kinetic current (Ix) was calculated using the

Koutecky—Levich equation == = + = , where I is the measured current, Ij is the
y q I I Ig

diffusion-limited current and Iy is the kinetic current. Iy values for the 20% and 40%
intermetallic nanoparticles were then normalized to the geometric area of the catalyst and
presented in Figure 3.9F. The kinetic current of the 40% Pt3Co/C nanoparticles was about
2 times that of the 20% Pt3Co/C catalyst over the active voltage range. Figure 3.9E

compares the specific activity normalized to geometric area for the 20% and the 40%
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Figure 3.10 (A) Mass activity normalized to Pt weight of 20% and 40% Pt:Co/C (B)

Specific activity normalized to ECSA of 20% and 40% Pt:Co/C.
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Pt3Co/C at various potentials indicating inherently higher activity of the 40% Pt:Co/C
material as catalyst. In addition, Figure 3.10 indicates that the mass activity, normalized
to both Pt mass and ECSA, are around the same for the 20% and 40% Pt:Co/C
intermetallic materials, despite the fact that the average particle size is larger for the latter,
which suggests that the excellent electrochemical performance of the 40% Pt;Co catalyst
can be largely attributed to its controlled single-phase intermetallic structure with a Pt-
rich shell, and the high ECSA coming from the lattice contraction and uniform
distribution of nanocatalysts. At 0.9V vs RHE, as is shown in Figure 3.10B, the normal
cathode working potential, its mass activity is 0.51 mA/ugp: and specific activity is
1.1mA/cm?p, demonstrating its high catalytic activity, even at such a high metal loading.
This property makes this material especially promising for high current density MEA
applications since it helps decrease the catalyst layer thickness, promoting O> diffusion
in the ORR process while maintaining the high intrinsic electrocatalytic activity 4> %4
The stability/durability of the high-loading Pt3Co/C intermetallic electrocatalyst was
evaluated by potential cycling between 0.05V and 1V at 50mVs™! in 0.1M HCIO4 solution
under an Nz atmosphere. The cyclic voltammetric profiles of the 20% and 40% Pt:Co/C
obtained after 2,000 and 4,000 cycles are shown in Figure 3.11A. The ECSA was
calculated by taking the average of the integrated area of the hydrogen adsorption and
desorption regions, from 0.05V to 0.4V, as reported in Table 3.2. With continued cycling,
the 40% intermetallic nanoparticles still yield well-defined hydrogen
adsorption/desorption peaks, which are the characteristic features of the Pt skin. After
2,000 cycles, it maintained around 99% of its initial surface area and 97% after 4,000

cycles. Such high durability can be ascribed to the Pt-rich shell and the stable Pt3Co
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intermetallic core as supported by STEM-EELS mapping. For the 20% intermetallic
nanoparticles, Figure 3.12 shows the cyclic voltammetry curves during the cycling
process. The ECSA was calculated from the integrated charge between 0.05V to 0.4V vs
RHE, which is always used for 20% Pt-based catalysts, to avoid the influence of the
hydrogen evolution reaction. The 20% Pt3:Co/C catalyst maintained 98.4% of its ECSA
after the first 2,000 cycles and 95.3% after 4,000 cycles. Both materials showed highly
stable behavior during electrochemical cycling processes.

After 4,000 cycles, RDE measurements were conducted and are shown in Figure 3.11B.
There is negative shift in the half wave potential of around 25mV, which may come from
the detachment and aggregation of the catalyst. However, after stability testing, the 40%
loading catalyst still exhibited an electrocatalytic activity that was comparable to that
exhibited by the 20% loading state-of-art catalyst. The geometric current density at 0.95
V was measured before and after the stability test, as shown in Table 3.2. For better
comparison, the 20% and 40% Pt/C have been tested under the same conditions, as shown
in Figure 3.13 (about 38 mV negative shift in half-wave potential), which support the
conclusion that the Pt3Co/C intermetallics exhibit better stability. Figure 3.11C shows the
TEM image of the catalyst after long-term operation, and the particle size histogram,
based on over 200 particles, is presented in Figure 3.11D. After stability testing, there is
some aggregation taking place. The peak position in the histogram has shifted slightly to
larger values with the average nanoparticle size being about 7-8 nm. However, the

particles remain evenly distributed on the carbon support.
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Figure 3.11 (A) Cyclic voltammetry of 40% Pt3Co/C before cycling, after 2000 cycles,
and 4000 cycles, respectively. (B) RDE curves for 40% Pt;Co/C before cycling, after
2000 cycles, and 4000 cycles, respectively (C) TEM image of 40% Pt;Co/C after 4000
cycles in the stability test. (D) Size distribution histogram of 40% Pt:Co/C after stability

testing.
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20% Pt Co/C 40% Pt Co/C

ECSA before 61 51
2
(m/g,) after 58 49
Geometric before 1.33 2.94
current density at
0.95v
2
(mA/Cmgeo ) after 0.7 1.43

Table 3.2 ECSA and geometric current density of 20% and 40% Pt:Co/C before and

after stability test

65



3.5 Conclusion

In summary, a 40% mass-loading core-shell intermetallic Pt3Co/C has been successfu
lly synthesized through a seed-mediated impregnation approach using a 20% Pt:Co/C in
termetallic as the seed. The 40% Pt3Co/C was able to maintain the single-phase intermet
allic structure despite the high mass loading and showed superior ORR activity when co
mpared to a 20% Pt3Co/C catalyst. It also exhibited high durability with minimal degrad
ation after 4,000 cycles. The high activity and durability of Pt3Co/C are ascribed to the s
table intermetallic Pt3Co core with 2-3 atomic-layers Pt shell, even at high metal loadin
g. These results highlight the promising application of high loading intermetallic nanopa
rticles for high current density PEM fuel cell applications, and possible extension of the

seed-mediated approach to other binary intermetallic systems.
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CHAPTER 4

PT-DECORATED COMPOSITION-TUNABLE PD-FE@PD/C
CORE-SHELL NANOPARTICLES WITH ENHANCED
ELECTROCATALYTIC ACTIVITY TOWARDS THE OXYGEN

REDUCTION REACTION

Reproduced from J. Am. Chem. Soc. 2018, 140, 23, 7248-7255
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4.1 Abstract

Design of electrocatalysts with both a high-Pt-utilization efficiency and enhanced
electrochemical activity is still the key challenge in the development of proton exchange
membrane fuel cells. In the present work, Pd-Fe/C bimetallic nanoparticles (NPs) with
an optimal Fe composition and decorated with Pt are introduced as promising catalysts
towards the oxygen reduction reaction. These bimetallic nanoparticles have a Pd-Fe@Pd
core-shell structure with a surface Pt decoration as established through the use of electron
energy loss spectroscopy (EELS) and energy-dispersive X-ray (EDX) spectroscopy.
These catalysts exhibit excellent electrocatalytic activity (Ei2 = 0.866 V vs RHE),
increasing the mass activity by more than 70% over that of pure Pt in terms of the total
mass of Pt and Pd and by 14 times if only Pt is considered. Simple geometrical
calculations based on spherical core-shell models indicate that Pd-Fe@Pt has a surface
Pt decoration rather than a complete Pt monolayer. Such calculations applied to other
examples in the literature point out the need for careful and rigorous arguments about
claimed ‘Pt monolayer/multilayers. Such calculations must be based on not only
elemental mapping data but also on the Pt/Pd and other metal atomic ratios in the
precursors. Our analysis predicts a minimal Pt/Pd atomic ratio in order to achieve a

complete Pt monolayer on the surface of the core materials.

4.2 Introduction
Proton exchange membrane fuel cells (PEMFCs) represent one of the most attractive
energy conversion technologies suitable for automotive applications, due to their high

power density, high energy conversion efficiency and potential environmental
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friendliness' ~. However, the large-scale deployment of PEMFCs will require a large
amount of Pt for catalysts in order to accelerate the sluggish kinetics of the oxygen
reduction reaction (ORR) at the cathode™ . The high-cost and scarcity of Pt, thus becomes
one of the major hurdles that preclude the broad-based application of PEMFCs, about 35 %
of total cost of the fuel cell.

Over the past decades, great efforts have focused on minimizing the Pt loading and
increasing its utilization efficiency. A considerable amount of work has been
concentrated on developing Pt-based core/ Pt-rich shell structures or less expensive core
materials with a monolayer of Pt covering the surface’"'~. A Pt-surface enrichment can be
achieved by the thermal treatment in a H> gas environment as well as by the selective
dealloying of transition-metal-rich PtM bimetallic alloys' "' '. For example, Wang and co-
workers synthesized the intermetallic PtsCo with about 2-3 atomic-layer Pt shell via
annealing at 700°C, boosting both the mass and specific activity of the catalyst by 10
times’. Gan et al. utilized an acid leaching process to activate a Ni-rich Pt alloy, forming
Ni-rich core/ Pt shell nanoparticles with high electrocatalytic activity *. Hu et al. and
Wang et al. prepared a class of non-Pt core NPs with a monolayer Pt shell to further boost
the electrochemical activity with higher Pt utilization efficiency

However, Pt mono/multilayer coated core-shell catalysts can still require a relatively
high content of Pt due to the high specific area of nano-sized particles. The amount of Pt
used in the electrocatalyst can be further lowered by the adoption of electrocatalysts with
other metal-based core materials. Pd-based catalysts are attractive alternatives since Pd
possesses promising catalytic properties but has a lower cost than Pt. Many efforts have

focused on designing Pd-based nanocrystals, with various composition, structure, and
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morphology, such as Pd-Cu alloys with different atomic ratios, Pd-Cu nanocubes and
ultrathin one-dimensional Pd-Ni nanowires”"*~. (Convention: if structure is ordered then
use chemical formulas such as PdsFe. Nevertheless, the incorporation of alloying
transition metals with Pd, still has lower electrocatalytic activity than that of Pt/C. Careful
design of new materials with desirable structure and surface properties is urgently
required for next-generation ORR electrocatalysts.)

Herein, we report a novel solution-phase synthesis method, that provides the flexibility
to control the composition of the PdFe bimetallic core with dramatically improved
electrocatalytic activity via a minimal Pt decoration of the surface. The incorporation of
Fe in the Pd enhances its catalytic activity perhaps due to the lattice strain. Indeed, the
electrochemical activity follows a ‘volcano curve’ with increasing amounts of Fe.
Moreover, through facile galvanic replacement reactions, a small amount of Pt will
decorate the surface of Pd-Fe, and enhances its activity, surpassing that of the state-of-art
Pt NPs. Structures of Pd-Fe@Pt/C have been extensively investigated by scanning
transmission electron microscopy equipped with electron energy loss spectroscopy and
energy-dispersive X-ray spectroscopy, we show how simple geometric model can be used

to determine the Pt shell thickness from the Pt/Pd atomic ratio.

4.3 Experimental Section
4.3.1 Chemicals

Palladium acetylacetonate (Pd(acac)), iron acetylacetonate (Fe(acac)s), triethylene
glycol, 1,2-hexadecanediol, sodium hydroxide, potassium tetrachloroplatinate(I)

(KoPtCls) and Nafion (5% wt) were purchased from Sigma-Aldrich. All chemicals were
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used as received without further purification. Vulcan XC-72 carbon black was from Cabot
Corporation.
4.3.2 Synthesis of Pd-Fe@Pd/C and Pt-decorated Pd-Fe@Pd Nanoparticles

In a typical synthesis, the carbon supported Pd-Fe@Pd/C was prepared in two steps.
First, 0.1 mmol of Pd(acac), and a pre-determined amount of Fe(acac)s, were dissolved
in 30 mL of triethylene glycol solution in a three-neck flask. 120 mg of 1,2-
hexadecanediol were added to the solution. The solution was then stirred magnetically
and ultrasonicated for 15 mins with suspended carbon powder (Vulcan-72R) to achieve
a 20 wt% metal loading on the carbon support. The well-distributed suspension was
purged with Ar for 15 mins, heated at 130 °C for 10 mins and then the temperature ramped
up to 230 °C for 1 hr. After cooling down, the mixture was washed with ethanol, acetone
and NaOH/ ethanol (1g NaOH/10 mL ethanol) three times, respectively, to remove any
remaining surface surfactant. The resulting product was collected by centrifugation and
dried at room temperature. The prepared Pd-Fe/C NPs were subsequently annealed under
forming gas (95% N> and 5% H>) for 2 h at 500 °C to form Pd-Fe@Pd/C core shell NPs
°. Finally, a Pt-decorated Pd-Fe@Pd/C structure was obtained via a galvanic replacement
reaction of part of the surface Pd with Pt. Specifically, 20 mg of the Pd-Fe@Pd/C NPs
was suspended in 10 mL of 0.04 mmol K>PtCls solution, followed by 30 mins of
ultrasonication and magnetic stirring at 60 °C for an additional 5 h. The final product was
obtained by filtration and dried under room temperature overnight in air. The composition
of the Pd-Fe/Pt NPs was determined using ICP-AES (Inductively coupled plasma atomic
emission spectroscopy), after dissolving the nanoparticles in an aqua regia (HCI+HNO3)

solution. Pt loading of the Pt-decorated Pd-Fe@Pd/C NPs was determined by the
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difference between the initial mass of KoPtCls and the residual K>PtCly in the filtrate after
reaction.
4.3.3 Structural Characterization

The crystal structure of all the synthesized NPs was confirmed by XRD using a Rigaku
Ultima IV Diffractometer. Diffraction patterns were collected at a scan rate of 3° min™! at
0.02 °© steps from 10 ° to 90 °. STEM images and EELS maps were acquired on a fifth-
order aberration-corrected STEM (FEI Titan Themis) operated at 300 keV and with a
beam convergence semi-angle of 30 mrad. Pd-Ma s and Fe L, edges were used to extract
Pd and Fe EELS maps. STEM-EDX elemental maps were acquired using an FEI Tecnai
F-20 microscope operated at 200 keV and an Oxford X-Max detector. The beam dose
during EDX mapping was about 4 e/(A%- s) to achieve more than 10 counts/pixel for the
Pt map and more than 70 counts/pixel for the Pd and Fe maps, without a noticeable sample
drift. It should be noted that the signal-to-noise (S/N) ratio in EDX map is the square root
of x-ray counts/pixel so that S/N of Pd and Fe is larger than 8 and S/N of Pt is larger than
3. Pt-Ma, Pd-La, B and Fe-Ka were used to extract Pt, Pd and Fe EDX maps, respectively
from the spectrum image.
4.3.4 Electrochemical Characterizations

Electrochemical measurements were performed in 0.1M HCIO4 on a Solartron
potentiostat at room temperature. In all electrochemical measurements, 5 mg of the
prepared catalyst were mixed with 2 mL of 0.05 wt% Nafion/ethanol solution and
subsequently sonicated for approximately 30 minutes. 10 puL of the resulting catalyst ink
were loaded onto the end of a 5 mm diameter glassy carbon electrode, followed by

thermal evaporation of the solvent under infrared light. A coiled Pt wire was used as the
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counter electrode and Ag/AgCl, in a saturated KCl solution, served as the reference
electrode. ORR measurements were carried a rotating disk electrode (RDE) in oxygen-
saturated 0.1M HCIO4 solution at a rotation rate of 1600 rpm. (Bubbling with O2 for 15
mins before scanning and re-bubbling for 7 mins before the next scan) The ORR profiles
were obtained after 50 cycles in 0.1M HCIlOs4 over the potential range from 0.05to 1.1 V
at 50 mVs™! to remove surface contamination’’*’. All cyclic voltammetry curves were
obtained between 0.05 V to 1.1 V at 50 mV/s and ORR polarization curves were measured
at 5 mV/s, from the negative to the positive direction. Durability tests were carried out by
continuous scanning cyclic voltammetry from 0.05 V to 1 V at 100 mV/s for 4000 cycles.
CO stripping experiments were conducted by dosing at 0.05 V vs. RHE for 10 mins with
CO purging, then switched to Ar for another 10 mins to remove any remaining CO
dissolved in the electrolyte. The scan rate during CO stripping experiments was 50 mV/s
over the potential range between 0.05 V to 1.2 V.
4.3.5 Derivation of Equations for Calculating Pd/Pt Atomic Ratio

Derivation of equations to calculate the Pd/Pt atomic ratio as a function of particle size
(D) and shell thickness (x). Take PdFe@Pt as an example:
Assume particle is spherical and has a diameter D, with a uniform surface Pt distribution.

Step1: Calculate number of moles of Pd in the core material.
4 D
Volume of core: Veore = 7 XmX(5 -x)3

Mass of core: mpd = Veore X Peore X Mpa%o
Average density of core: peore = 0.5 pra + 0.5 pre; pra = 11.9 g/em?; ppa=7.87 g/cm?
mpq% is the mass fraction of Pd in PdFe

Number of moles of Pd:
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mPd

n(Pd) = 72 = 2 XmX (2 -x)? X (0.5 pra + 0.5 pre) X 0.5/(0.5 Mpa+ 0.5 Mre)

MPd

Mpgq = 106 g/mol; Mre = 56 g/mol

Step2: Calculate number of moles of Pt in the shell material.

Volume of shell: Vnen= ;lXﬂ X [(2)3-(;—) -x)3]

Mass of core: mpd = Vihell X Pshell
Average density of core: pshen = ppi=21.45 g/cm?

Number of moles of Pt:

n(Pd) =22 = 2

MPd 3
Step3: Calculate atomic ratio Pd/Pt

pcore (ax)3

X7 [(2)3-(Z %)?] pr/Mpi; Mpc= 195 g/mol.

0.5pPd+0.5pFe

(2x)3

. . nPd ] X
Atomic ratio Pd/Pt = — = 0.5X H2me- X (D)Z s = (.5 x 2=MEet0sFe

Msheli \2/°°\T%

(3x)3

MPt

(

D

2

o

D
zx

)3

= 0.5534 x W; (0.5 is the mole fraction of Pd in PdFe)

2
Similar derivations can be done as follows:

Pd@Pt core-shell spherical particle:

o (Fx)3
Atomic ratio Pd/Pt =1.0326 X m

2

Au@Pt core-shell spherical particle:

o (%)
Atomic ratio Au/Pt= 0.8920 X m

2

AuCu@Pt core-shell spherical particle:
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(3)3
Atomic ratio Au/Pt = 0.4927 X m

2/°°\2
4.4 Results and Discussion

The Pd-Fe/C bimetallic NPs were prepared via a two-step solution-phase method. First,
Pd(acac), and Fe(acac); were thermally decomposed to form a Pd-Fe alloy in the
triethylene glycol solution at 230 °C (further content details can be found in the
experimental section). The amount of Pd(acac), was fixed to 0.1 mmol and the amount
of Fe(acac); was varied from 0.05 mmol to 0.2 mmol, to achieve Pd-Fe/C with various
compositions. The as-prepared Pd-Fe/C NPs were annealed at 500 °C for 2 h under
forming gas. Due to the high adsorption energy of H on Pd, the surface-segregation in an
H> atmosphere at high temperature leads to the formation of a Pd-Fe@Pd core-shell
structure. The composition of the synthesized Pd-Fe/C NPs was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES), and the relative
content of Fe in the final products were consistent with the amount of Fe precursor
initially added (Figure 4.1). While the incorporation of transition metals into Pd has been
widely reported in previous studies to facilitate the ORR kinetics” '/, we later
discovered that the activity could be further enhanced by minimal surface decoration with
Pt. The process can be simply achieved through a galvanic replacement reaction of Pd
with Pt in a very dilute PtCls* solution (detailed information in the experimental section).

The XRD patterns of post-annealed Pd-Fe/C NPs and control Pd/C are shown in Figure
4.2. The broad peak at around 25 ° is ascribed to the carbon support. The remaining peaks,

from left to right, correspond to the (111), (200), (220), (311) and (222) planes,
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respectively, in a face-centered cubic (fcc) alloy structure. The XRD patterns also showed
tiny (110) at 33 ©and (210) at 53° peaks in Pd-Fe/C, which are consistent with the standard
database (PDF # 04-003-3875). Figure 4.2B clearly shows that, with higher fraction of
Fe in Pd-Fe/C alloy NPs, the diffraction peaks shift to higher angles, which is due to
thelarger smaller size of Fe relative to Pd. Figure 4.2C shows the dependence of Pd
composition to the d spacing, which indicates the linear relationship between them. The
domain size was calculated to be about 10 nm from the (220) peak width via the Scherrer
equation. This is similar to the particle size observed in TEM images. Since the domain
size and the particle size are similar, the nanoparticles are single crystals, not
polycrystalline aggregates.

Single-phase Pd-Fe NPs with a uniform size distribution are suitable for Pt surface
decoration. Figure 4.3 compares the morphology and particle size of Pd-Fe/C and Pt
decorated Pd-Fe/C, from low-magnification TEM images. Both of them exhibited an
average particle size of about 10 nm and a uniform distribution on the carbon support,
with no discernible differences in morphology. The spontaneous, yet mild, replacement
reaction provides a controllable approach for surface decoration without causing damage
to the structure. Here, we decorated the Pd-Fe/C bimetallic NPs with a composition of
Pdo ssFeo.42/C due to their optimal electrochemical properties, which will be discussed in

detail later (vide infra).
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Figure 4.1 (A). Table showing the atomic percentage of Pd and Fe measured by ICP-
AES with different amounts of Fe(acac)s added in the system (B). The relatively linear

relationship (R?=0.9) of Fe(acac); precursor added and measured Fe percentage in the

synthesized Pd-Fe/C NPs (relative error=+1.25%).
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Figure 4.2 (A) XRD patterns of synthesized Pd-Fe/C bimetallic nanoparticles: Pd/C,
Pd;Fe/C, Pdo.ssFeo36/C, Pdo.ssFeo.42/C and Pdo soFeo.4s/C after annealing at 500 °C for 2 h.
The red and black vertical lines correspond to Pd (PDF # 5-681) and PdFe (PDF # 04-
003-3875) standard XRD. (B) Inserted graph is the enlarged region of the Pd (220)
diffraction peak. (C) Plot of d-spacing of (220) peak for Pd-Fe/C with different

composition.
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Figure 4.3 Low-magnification bright-field TEM images of as-prepared (A) Pdo.ssFeo.42/C

and (B) Pdo.ssFeo42@Pt/C
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The crystallographic and chemical information of Pt decorated PdossFeo.42/C
(simplified as PdFe@Pt/C in the following discussions) have been further explored using
an aberration-corrected scanning transmission electron microscope (STEM) equipped
with an electron energy loss spectrometer (EELS) operated at 300 keV. STEM images in
Figures 4.4A-B show PdFe@Pt/C nanoparticle with a narrow size distribution and an
average particle size of around 10 nm in diameter, which is consistent with the grain size
calculated from XRD. In Figures 4.4C-E, the atomic-scale STEM image of a single
particle, and the corresponding Fourier transform, reveal the lattice d-space of the (111)
(2.2 A) and (110) (2.7 A) plane projected on the [1-10] zone axis, which match the (111)
(2.22 A) and (110) (2.71 A) in the standard PdFe XRD (PDF # 04-003-3875). The (110)
plane is recognized as the characteristic diffraction feature of ordered intermetallics,
which is consistent with the (110) intermetallic peak at 33 ° in the XRD profile in the
Figure 4.2. The chemical composition information was obtained using EELS elemental
mapping in STEM model. Figures 4.5B-D show the Pd (red), Fe (green) and their
composite maps, extracted from the Pd My s edge and the Fe L, edge in the EELS spectra
(Figure 4.6). The presence of a thin Pd shell can be clearly distinguished from the thin
red region in the Pd vs. Fe composite map. The precise thickness of the Pd shell was
quantitatively analyzed by extracting EELS line profiles from the Pd and Fe maps. Figure
4.5E indicates a Pd shell thickness of about 1 nm, which corresponds to a three atomic-
layer thick Pd shell on the surface. The thin Pd shell could serve as a protection layer to
prevent the dissolution of Fe in the acid media during the electrochemical cycling while
being thin enough to maintain the superior ORR electrocatalytic activity of the PdFe

intermetallic core.

86



25
B
20
g 15
S
=}
Z
(]
o 10
=
©
o
5
6 8 10 12 14 16

Particle Size / nm

Figure 4.4 (A-B) HAADF-STEM image of Pd-Fe@Pt nanoparticles and the

corresponding histogram of the particle size distribution. (C-D) Atomic-scale STEM
image of a particular Pd-Fe@Pt nanoparticle (C) with a magnified region that clearly
show the crystal lattice on the [1-10] zone axis. (E) Fourier transform of lattice images
in (D) shows the diffraction spots corresponding to the lattice d-spacing of (111) and (110)

facets (PDF# 04-003-3875).
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Figure 4.5 (A). STEM image of Pd-Fe@Pt. (B-D). EELS elemental maps of Pd (red), Fe
(green) and composite map of Pd vs. Fe (D). (E). EELS elemental line profiles of Pd and

Fe extracted from white dashed boxes from EELS mapping in (B) and (C), respectively
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Figure 4.6 EELS spectra corresponding to the EELS elemental mapping in Figure 4.4.
Pd M5 and Fe L3 edges were used to extract EELS maps from spectrum images. The
inset exhibits the Pd Ma,s edge (white line) after the background subtraction from the raw
EELS spectra (black line) using the linear combination of power laws (LCPL) method.

The background noise was filtered using principal component analysis (PCA).
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Because of the low Pt content in PdFe@Pt (Pt: Pd = 1:70), the EELS signal-to-noise
ratio of Pt My s edges were not high enough to get a reliable Pt map. Instead, energy-
dispersive X-ray (EDX) spectroscopy served as a reliable tool to detect the trace amount

of Pt on the nanoparticles.

To demonstrate the presence of surface decoration, we employed EDX spectroscopy
in STEM mode to study the elemental distribution of Pt vs. Pd and Fe in Pd-Fe@Pt. The
EDX spectrum in Figure 4.7 shows a strong Pt Ma edge, which, together with the Pd La,
B and Fe Ka edges, can be used for EDX elemental mapping. Figures 4.8A-D present the
STEM image of a typical Pd-Fe@Pt nanoparticle and the corresponding EDX elemental
maps of Pd (red), Fe (green) and Pt (yellow). In order to quantitatively study the elemental
distribution, we extracted EDX elemental line profiles (Figure 4.8E) from the
corresponding elemental maps (white dashed boxes in Figures 4.8B-D). Pd and Fe exhibit
bell-shaped line profiles whereas Pt shows a plateau with two distinguishable edges. The
schematic in Figure 4.8F illustrates the theoretical projected intensity profile of core-shell
particles, indicating that Pd and Fe will ideally present a semi-circular intensity profile
while the surface Pt layer will exhibit a slightly lower intensity in the middle with two
noticeable sharp edges. The differences between the experimental data and the schematic
are likely due to the blurring effects from the larger electron beam size employed in EDX
mapping. That means the experimental EDX line profiles can be rationalized as the
combined result of the intensity profile in the schematic and a Gaussian blurring
(smoothing) function. However, the key features of the EDX line profiles and the
schematic are quite similar and indicates that Pt decorates the surface of the Pd-Fe@Pd

core-shell nanoparticles.
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Figure 4.7 EDX spectra of PdFe@Pt. Pt Ma, Pd La, B, Fe Ka were selected to process
the spectrum image and generated EDX maps. It should be noted that the strong Cu K

edges are from the Cu TEM grid.

91



Figure 4.8 (A). STEM image of a PdFe@Pt nanoparticle. (B-D). EDX elemental maps
of Pd (red), Fe (green) and Pt (yellow). (E). EDX line profiles of Pd (red), Fe (green) and
Pt (blue) extracted from white dashed boxes from EDX mapping in (B-D). (F). Schematic

model of a core-shell spherical particle and the theoretical projected intensity profiles.
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The cyclic voltammetric profiles (CVs) of the Pd-Fe/C bimetallic NPs, with different
Fe content were obtained in an Ar-saturated 0.1 M HCIO4 solution at a scan rate of 50
mV/s, and all shown in Figure 4.9A. These distinct hydrogen regions are observed the
incorporation of Fe partially alters the electronic properties of Pd, and modifies the
adsorption of hydrogen. Compared to Pd/C, the cathodic peak (around 0.7V) of the Pd-
Fe/C bimetallic catalysts, exhibits a positive shift, which indicates a decreased adsorption
free energy for the oxygen-containing species and faster rate of reduction of the Pd
surface oxide"*". To better understand the relationship between lattice strain and
electrochemical activity, the catalytic performance, towards the ORR of different
catalysts was characterized by rotating disk electrode (RDE) in O;-saturated 0.1 M HCIO4
solution at 1600rpm. The polarization curves are profiled in Figure 4.9B. The diffusion
limited current of about -5.5 mA/cm? at 1600 rpm indicates that all of the Pd-Fe/C
bimetallic NPs are effective the four-electron transfer reduction process ” ’. Compared
to Pd/C, Pd-Fe/C bimetallic NPs exhibit a positive shift in the onset potential, indicating
that alloying of Pd with Fe enhances the ORR kinetics and lowers the overpotential. The
half-wave potentials (Ei2) of the Pd-Fe/C NPs are also positively shifted, to different
extent, depending on composition, following the order: Pd/C < Pd;Fe/C < Pdo.s2Fe.4s/C
< Pdo.c4Feo36/C < Pdo.ssFeo.42/C. The electrocatalytic performance of the series of Pd-Fe/C
NPs shows a ‘volcano trend’ with increasing Fe content, which could be explained via
Norskov’s d-band center theory?!> *2. The surface electronic structure of the NPs will be
affected by two main aspects: the lattice constant (strain) and the ligand effect. Initially,
as Fe content increases, the lattice constant contraction (strain) is dominated. This

weakens the adsorption energy of the oxygen-containing intermediate species, and thus
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enhances the electrocatalytic activity. Subsequently, with further increases in the amount
of Fe, the ligand effect becomes more pronounced and plays a more important role,
lowering the electrochemical activity. Overall, those two opposite influences might

contribute to the ‘volcano trend’ in the electrocatalytic performance.

Taking this into account, Pdo.ssFeo42/C NPs with the highest ORR activity were
decorated with Pt in an effort to further enhance its ORR activity. Pt decoration, or
monolayer surface-covering, has been extensively recognized as an effective approach to
promote ORR kinetics with low Pt loading. The CVs of Pd/C, Pdo.ssFeo.42/C before and
after Pt decoration are shown in Figure 4.9C. The cathodic peak of Pdo.ssFeo.42/C exhibits
a positive shift when compared to Pd/C, and shifts further positive after Pt decoration,
demonstrating faster hydroxyl adsorption/ desorption after the incorporation of Fe and
surface Pt decoration. The polarization profiles of Pt-decorated Pdo.ssFeo.42/C and Pt/C
are profiled in Figure 4.9D.

The half-wave potential of Pt-decorated Pdo.ssFeo.42/C surpassed that of Pt/C by 7TmV.
To quantitatively evaluate the electrochemical activity, the kinetic currents of
Pdo.ssFeo42@Pt/C and Pt/C were calculated using the Koutecky—Levich equation’’,
normalized to the total mass of Pt and Pd (Figure 4.9E), and Pt (Figure 4.9F), respectively.
The mass activity of the Pt-decorated PdossFeo42/C, normalized to all noble metals
(Pt+Pd), increased by 70% when compared with Pt, and exhibited a 14-fold enhancement
when normalized to Pt only. The enhancement could be attributed to the combination
effect of strain, arising from the lattice mismatch, and electronic modification. The CO-
strippings were used to further characterize surface electronic properties of the Pt-

decorated Pd-Fe NP, shown in Figure 4.10.
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Figure 4.9 Electrocatalytic properties of synthesized Pd-Fe/C and Pd-Fe@Pt/C
nanoparticles. (A). Cyclic voltammetry (CV) profiles of synthesized Pd-Fe/C NPs in Ar-
saturated 0.1 M HCIO4 solution, scanned at a rate of 50 mV/s at room temperature. (B).
ORR polarization curves in Oz-saturated 0.1 M HCIO4 at a scan rate of 5 mV/s and
rotation rate of 1600rpm. (C). CV profiles of Pd/C, Pdo ssFeo.42/C and Pdo.ssFeo.42@Pt/C
in Ar-purged 0.1 M HClOy4 solution at a sweep rate of 50 mV/s. (D). Comparison of ORR
polarization curves for Pt/C and Pdo.ssFeo.42@Pt/C in Oz-saturated 0.1 M HCIO4 solution
at a scan rate of 5 mV/s and 1600rpm rotation rate. (E). Tafel plots. Mass activities of
different catalysts normalized to the total mass of Pd and Pt. (F). Tafel plots. Mass activity
of Pt/C and Pdo ssFeo.42@Pt/C, normalized to the mass of Pt. (G). Comparison of mass

activity between Pt/C and Pdo ssFeo42@Pt/C, at 0.9V vs RHE.
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The CO-oxidation peak potential of Pt-decorated Pdo.ssFeo.42/C (0.941 V) was between
that of Pd/C (0.959 V) and Pt/C (0.918 V), with a positive shift compared to Pd/C,
indicating Pt and Pd can co-exist on the surface of the electrocatalysts with a weakening
of the CO adsorption energy related to Pd/C. Durability tests are also conducted for Pt-
decorated Pdo ssFeo.42/C in Ar-saturated 0.1 M HC1O4 solution, for 4,000 cycles between
0.05 and 1 V vs. RHE. The CV and ORR polarization curves, before and after testing, are
shown in Figure 4.11. While there is a 25 mV negative shift in the half-wave potential,
we believe it is due, at least in part, to the loss of electrochemical surface area (ECSA)
due to particle aggregation/ coalescence after extensive potential cycling.

Based on the EDX elemental mapping results that indicated Pt surface decoration of
the PdFe NPs and the co-existence of Pt and Pd on the surface, from CO stripping, we
further investigated what is the effective friction of the Pt layer on this core-shell catalyst
from a theoretical perspective. Assuming that Pd-Fe@Pt is a spherical particle, with a
diameter of D, and a shell thickness of x, the theoretical Pd to Pt atomic ratio (Pd/Pt) will
be a function of x as described in the equation in Figure 4.12. The relation between Pd/Pt
and shell thickness was systematically studied for both pure Pd cores (solid lines) and
bimetallic PdFe cores (dashed lines) with a series of particles of different size (Figure
4.12). The Pd/Pt atomic ratio decays dramatically, as the shell thickness increases, for all
different particle sizes, indicating that much more Pt is required for a thicker Pt shell, and
thus, the average cost of such a core-shell catalyst will increase significantly. Furthermore,
the Pd/Pt atomic ratio also decreases for a constant thickness while the particle size
changes from 20 to 5 nm, which indicates that smaller particles will have a larger Pt mole

fraction and, thus, a higher average cost of precious metals. For the same particle size,
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Figure 4.10 The CO stripping voltammetry of Pd/C, Pt/C and Pt-decorated Pdo.ssFeo.42/C
at a scan rate of 50 mV/s in an Ar-saturated 0.1 M HCIO, solution. Dosing potential of

CO adsorption was 0.05 V vs. RHE.
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Figure 4.11 (A). Cyclic voltammetry profiles (B). and ORR polarization profiles of Pt

decorated Pdo ssFeo.42/C nanoparticles before and after stability test
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Pd-Fe@ Pt exhibits a Pd/Pt atomic ratio only about half as large as Pd@Pt because the
Pd mole fraction in Pd-Fe core is only 50% of that of a pure Pd core. In summary, overall
precious metal loading can be minimized (optimized) if one could design a core-shell
catalyst with a thin shell (ideally monolayer), a core with a smaller Pd mole fraction, and
a relatively larger particle size. It is worth noting that these design principles need to also
accommodate the consideration of the effective electrochemical surface area per mass of
core-shell catalyst, and the increasing cost of core materials in a larger particle size. In
the case of a 10nm Pd-Fe@Pt particle (red dashed line), Pt/Pd atomic ratio has to be larger
than 1:2.7 and thus the Pt mole fractions has to be more than a quarter in total precious
metal loading, to achieve a Pt monolayer with 100% coverage. If Pt/Pd ratios can be
determined from experiments, such as ICP-AES, one could work out the actual shell
thickness, based on the experimental Pt/Pd atomic ratio and compare it with EELS or
EDX elemental mapping results. Surprisingly, in this work, the Pt/Pd ratio was
determined to be about 1:70 (much smaller than 1:2.7 for a complete Pt monolayer) based
on ICP-MS, which would predict a shell thickness far less than a Pt monolayer (about 3
A). The term ‘Pt surface decoration’ rather than ‘Pt monolayer’ was thus used in this
work to more rigorously and precisely describe Pd-Fe@Pt. Despite numerous claims in
the literature of core-shell structures with ‘Pt monolayer/multilayers’, based on their
EELS or EDX elemental mapping or line profiles (Table 4.1), the measured Pt content
was, in fact, insufficient for a fully covered Pt layer, can be readily calculated from this
spherical core-shell model . Therefore, both core and shell materials are clearly
on the surface and can participate in electrocatalysis in many known core-shell

electrocatalysts. We believe that the ‘back-of-the-envelope’ calculations presented in this
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Figure 4.12 Theoretical calculations of the Pd/Pt atomic ratio as a function of the particle

size (Diameter, D) and the shell thickness (x). The insert shows the magnified diagram

with a focus on lower Pd/Pt atomic ratio, i.e., higher relative Pt content. Solid lines are

Pd@Pt core-shell particles while dashed lines are PdFe@Pt. The crossing point of the

two dashed green lines is for PdFe@Pt with D=10 nm, which has to have a Pt/Pd ratio

larger than 1:2.7 to achieve a complete Pt monolayer (3 A). npa% in the equation is the

mole fraction of Pd in the core materials (e.g., npa%=0.5 in PdFe). Details of the equation

derivation can be found in the supporting information.
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work should always be considered before synthesizing core-shell electrocatalysts. The
diagram and simple equation developed in Figure 4.12 can be used as a guide to work out
the minimal Pt/M ratio in the precursors required to form a complete Pt monolayer or

multilayers in the design of M@Pt core-shell electrocatalysts.

4.5 Conclusion

In summary, the Pt-decorated Pdo.ssFeo.42/C NPs with tunable core composition and
surface Pt decoration have been synthesized via a method involving thermal
decomposition, H>-induced surface segregation and galvanic replacement reaction. The
optimal Pd-Fe/C bimetallic nanoparticles exhibited excellent electrochemical
performance the towards ORR after surface decoration with ultralow amounts of Pt
(around 1 a.t.%). In addition, since non-Pt NPs, with Pt surface decoration and monolayer
coating are promising and popular candidates for ORR catalysts. We have also discussed
the minimal Pt/Pd required for a monolayer coverage of Pt. For fuel cell catalysts, at the
scale of 5-20 nm, a relatively high amount of Pt content is required even for a Pt
monolayer. Compared with a full Pt monolayer coating, the use of Pt surface decoration
enables an ultralow Pt loading while retaining the high activity of the Pd-Fe@Pd core-
shell catalysts. The electrocatalyst also maintained a moderate durability during
electrochemical cycles. The experimental design and theoretical calculations described in
this work provide a novel approach to design higher-efficiency and lower-cost

electrocatalysts for the oxygen reduction reaction.
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Ref. Catalyst Claimed Claimed Claimed Calculated
composition shell : core average particle shell thickness shell thickness
atomic ratio size (XRD,TEM) | (EELS, EDX mapping) based on equations*
(ICP-AES)
This | PdFe@Pt Pt:Pd= 1:70 10nm Pt decoration 0.12 A
work
1 Pd;Co@Pt | Pt:Pd=1:90 15 nm Pt monolayer 0.25 A
2 PdCo@Pt Pt:Pd=1:90 15 nm Pt monolayer 0.15A
3 PdCu@Pt Pt:Pd=1:9.2 10 nm Pt monolayer 1.0A
4 Pd@Pt Pt:Pd=1:2.7 4 nm Pt monolayer 21A
5 Pd@Pt Pt:Pd=1:3.0 5nm Pt monolayer 25A
6 Pd@Pt Pt:Pd=1:2.4 15 nm 5~10 A 85A
7 AuCu@Pt | Pt:Au=1:104 15 nm 1.5 Pt atomic layers 1.2A
8 Au@Pt Pt:Au=1:14 7 nm Pt monolayer 0.75 A

Table 4.1 Detailed information of reports regardining about Pt monolayer-coating NPs.
*Equations were derived based on a core-shell spherical particle with a particle diameter
D and shell thickness x. Red text indicated that the claimed shell thickness is larger than
the calculated one, and thus the particle surfaces cannot have a 100% Pt coverage and the
core and shell materials can co-exist on surfaces. Green test indicates the claimed shell
thickness is relatively consistent with the calculated one.
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CHAPTER 5

REVEALING THE ATOMIC ORDERING OF BINARY
INTERMETALLICS USING IN SITU HEATING TECHNIQUES AT
MULTILENGTH SCALES

Reproduced from Proc. Natl. Acad. Sci. 2019. 116 (6) 1974-1983
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5.1 Abstract

Ordered intermetallic nanoparticles are promising electrocatalysts with enhanced
activity and durability for the oxygen reduction reaction (ORR) in proton-exchange
membrane fuel cells (PEMFCs). The ordered phase is generally identified based on the
existence of superlattice ordering peaks in powder X-ray diffraction (PXRD). However,
after employing a widely used post-synthesis annealing treatment, we have found that
claims of “ordered” catalysts were possibly/likely mixed phases of ordered intermetallics
and disordered solid solutions. Here, we employed in situ heating, synchrotron-based, X-
ray diffraction to quantitatively investigate the impact of a variety of annealing conditions
on the degree of ordering of large ensembles of Pt3Co nanoparticles. Monte-Carlo
simulations suggest that Pt3Co nanoparticles have a lower order-disorder phase transition
(ODPT) temperature relative to the bulk counterpart. Furthermore, we employed
microscopic-level in situ heating electron microscopy to directly visualize the
morphological changes and the formation of both fully and partially ordered nanoparticles
at the atomic scale. In general, a higher degree of ordering leads to more active and
durable electrocatalysts. The annealed Pt;Co/C with an optimal degree of ordering
exhibited significantly enhanced durability, relative to the disordered counterpart, in
practical membrane electrode assembly (MEA) measurements. The results highlight the
importance of understanding the annealing process to maximize the degree of ordering in

intermetallics to optimize electrocatalytic activity.
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5.2 Introduction

Pt-based intermetallics display superior electrocatalytic activity for the normally
sluggish oxygen reduction reaction (ORR), as well as enable a decrease in Pt loading,
compared to Pt/C, in proton exchange membrane (PEM) fuel cells.!> As-synthesized, Pt-
based alloy (Pt-M; M=Mn, Fe, Co, Ni, etc.) nanoparticles (NPs) generally form as a
disordered solid solution in which the occupancy of a given site by Pt or M atoms is
random and without local preference. The probability of occupancy by Pt or M is
determined only by the stoichiometric ratio of Pt and M in a particular particle. These
alloys generally suffer from a rapid loss of activity during electrochemical cycling due to
the oxidation and dissolution of the M element and subsequent changes in both the
particle morphology and the crystal structures.!> In some systems, such as the Pt-Sn
system, partially ordered intermetallic particles can be obtained at room temperature and
further improved to fully ordered phase by low temperature annealing (200 °C).3
However, in most other cases, post-synthesis annealing at high temperatures is required
to transform the disordered solid solution phase into the ordered intermetallic phase.
These intermetallic NPs show significantly better durability and improved
electrocatalytic activity.>?® The enhanced durability of ordered intermetallics can be
attributed to a more stable structure, which arises from the stronger heteroatomic Pt-M
bond and a greater enthalpy of formation relative to its disordered counterpart. Ordered
Pt:M intermetallics normally have a primitive cubic crystal structure (AuCus-type, Pm-
3m), while ordered PtM intermetallics typically have a tetragonal crystal structure (tcs)
of the AuCu-type, P4/mmm. Because ordered intermetallics of PtsM and PtM have

different crystal symmetry and additional atomic ordering, compared with their
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disordered counterparts, they show extra peaks in X-ray diffraction (XRD), which are
usually referred to as superlattice ordering peaks.

In studies of ordered intermetallic catalysts, there are two related questions that are of
particular interest: Is the ordered intermetallic phase present and what is the phase
fraction of the intermetallic? The first question can be quantitatively determined by the
existence of superlattice ordering peaks in powder XRD.!!"?® By measuring the relative
intensity of the superstructure peaks, information that is important but often neglected,
the degree of ordering can be quantified. Having a measure of the degree of ordering is
important to understand the intermetallic phase’s contribution to catalyst performance
and is necessary for understanding and optimizing the synthesis and annealing conditions.

After performing a systematic literature survey on ordered intermetallic nanoparticles,
which included the most common Pt-M and Pd-M intermetallics, we realized that most
of these studies only qualitatively described the formation of ordered intermetallics, and
further quantitative understanding of the degree of ordering was required (Table 5.1).11-
2 For example, in our previous studies on Pt3Co? and PdFe®, intermetallic nanoparticles
were found to be only partially ordered, despite our attempts to optimize the post-
synthesis annealing conditions. In our other studies on PtSn® and PdZn?’, intermetallic
nanoparticles were measured to be fully in the ordered phase. This suggests that it is likely
that some claims of “ordered” intermetallic electrocatalysts may, in fact, be mixed phases
of ordered intermetallic and disordered solid solution particles. It is possible that, due to
high strain and surface energy, for some NP systems, and from a thermodynamic
standpoint, only partial order can be achieved, even if a pure phase can be obtained at

equilibrium in the bulk. In either case, the synthesized, disordered alloy needs to
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overcome energetic barriers and kinetics to nucleate and grow the more stable, ordered
intermetallic phase through the annealing treatment. However, the annealing process
must be carefully designed/controlled. The newly formed ordered intermetallic phase can
revert back to the disordered phase if the temperature surpasses a critical, order-disorder,
phase transition (ODPT) temperature (Te= 750 °C for bulk Pt3C0).3® The ODPT
represents an intriguing process, coupling both kinetic and thermodynamic aspects.
Further, nucleation and growth may also be (and likely are) influenced by the composition,
morphology and size of each nanoparticle.

It is critical to understand the ODPT behavior of nanoparticles, which will, in turn,
enable us to develop better annealing processes to increase the degree of ordering of NP
electrocatalysts and, by extension, enhance fuel cell performance. However, mechanistic
studies of such processes have been challenging due to the lack of suitable in situ
techniques capable of tracking the dynamic phase transition and structural changes of
metastable intermediates under real-time annealing conditions. Previous studies have
only involved in situ heating, during XRD, to study the lattice strain of Pt-Cu
intermetallics,®! or have employed microscopic-level, in situ heating TEM, to investigate

3337 However, to the best of our

morphological changes of Pt 32 and Pt-based alloys.
knowledge, none of them has attempted to quantitatively study the degree of ordering
using X-ray diffraction and correlate it with the evolution of particle morphology and the
formation of ordered intermetallics, at the atomic scale, using electron microscopy.

In this study, we have investigated the ODPT of Pt;Co nanoparticles during a

temperature annealing treatment, using both in situ heating synchrotron-based XRD and

in situ heating TEM. We have studied, quantitatively, the effects of annealing and cooling
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conditions (temperature and time) on the degree of ordering. We further employed in situ
heating TEM to directly visualize the morphological and structural transition at the
atomic-scale, during the thermal annealing treatment. Finally, we have systematically
correlated catalyst durability to the degree of ordering, where a higher degree of ordering
led to enhanced durability. This mechanistic study, involving both in sifu heating XRD
and in situ heating TEM, provides a microscopically detailed picture of post-synthesis

processing.
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Claimed

ordered Crystal . . .. XRD database
Ref. intermetallic | Structure Synthesis/annealing conditions PDF number
catalysts
1 PLTi AuCus, | Pt3Ti alloy annealed at 600 °C, 03-065-3259
Pm-3m 12h
AuCuz, | Pt3V alloy annealed at 650-700
2 Pt:V Pm-3m °C, 24h 01-072-3016
3 PLCr AuCus, Pt3Cr alloy annealed at 700 °C, 01-071-7609
Pm-3m 24h
AuCus, Pt(acac),+Mn(acac),
4 PtMn Pm-3m | OAm/OAc at 200 °C, 0.5h 01-071-9674
AuCus, o 01-071-5031
5 Pt;Fe Pm-3m Pt-Fe alloy annealed at 700 °C 01-089-2051
AuCus, Pt3Co alloy annealed
6 Pt:Co Pm-3m at 700 °C, 2h 01-071-7410
) AuCu,P4/ Pt(acac)>+Ni(acac)z
7 PNi mmm KBH(EY)s in THF r.t. 01-072-2524
AuCus, PtCus alloy annealed at 1000
8 PtCus Pm-3m °C, 10h 03-065-3247
AuCus, Pt(acac)>+Zn(acac), PVP in
9 Pt:Zn Pm-3m DMEF, 180°C. 9h 01-072-3028
AuCus, Pd(acac),tZn(acac)
10 Ptzn Pm-3m OAm/OAc at 350°C, 1h 01-072-3028
AuCu,P4/ Pt/C +Zn chip
1 PtZn mmm heated at 500 °C, 8h 01-072-3027
AuCusz,Pm H,PtCls+SnCly,
12 PtsSn 3m DDA+HDD,300°C, 0.5h 01-072-2977
AuCu,P4/ PdFe alloy
13 PdFe mmm annealed at 500 °C, 2h 01-089-2051
AuCu, AuioPd4oCoso alloy annealed at 01-071-7394
14| AwoPdaoCoso | g3y 800 °C, 0.5h (PdCo)
CsCl, Pm- PdCu annealed
15 PdCu 3m at 400 °C 01-080-4575
16 PdCu CsCL, Pm- | PdCu alloy, annealed at 375 01-080-4575
3m °C, 1h
AuCu,P4/ Pd>(dba)s+Et2Zn
17 PdZn mmm OAm at 250 °C, 1h 01-072-2936
AuC Pd/C + Pb(Ac)2, EG
18 Pd;Pb S microwave 01-089-2062
mem 300W, 6min
19 | AuCwy | Pm3m | CUACTAuUNPS OAM/OAC 01-088-1731
at 300 °C

115




20

AuCu

P4/mmm

HAuCl4+CuCl2
glycerol at 300 °C, 5h

01-089-2037

21

AuCu

P4/mmm

AuCu alloy annealed at 500
°C, 12h

01-089-2037

Table 5.1 All of the following reported catalysts are nanoparticles supported on carbon

substrate.

Pt-M and Pd-M ordered intermetallic compounds:

M can be: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sn, Pb, Bi

Abbreviations:

OAm: oleylamine; OAc: oleic acid; acac: acetylacetonate

Ac: acetate; dba: dibenzylideneacetone; Et: ethyl.

r.t.: room temperature

DDA: dodecylamine; HDD: 1,2-hexadecandiol; EG: ethylene glycol
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5.3 Experimental Section
5.3.1 Preparation of Pt;Co/C Catalysts

The Pt:Co/C catalysts were prepared by an impregnation method. In a typical synthesis,
0.1 mmol (51.8 mg) HoPtCls-6H>0 and 7.9 mg (0.034 mmol) CoCl>-6H>O were dissolved
in deionized water, with 86 mg of Vulcan XC-72 carbon support dispersed later to make
the mass loading of Pt3Co nanoparticles to be ~ 20%. After ultrasonic mixing for 30 min,
the suspension was heated under magnetic stirring to evaporate extra moisture and form
a smooth and thick slurry. The slurry was then dried in an oven at 60 °C. After being
ground in an agate mortar, the resulting dark and free-flowing powder was heated in a
tube furnace at 300 °C under flowing forming gas (5% H», 95% N) for 2 h. The high-
temperature treated samples were prepared by annealing the as-synthesized Pt3Co/C alloy
at specific temperatures for 2 h under forming gas. Powder XRD of Pt;Co/C was
performed using a Rigaku Ultima VI X-ray diffractometer, which was measured from 10°
to 90° at a scan rate of 2°/min.
5.3.2 Electrochemical Characterizations

Electrochemical activity and durability were measured at room temperature in a 0.1M
HCIO4 solution using a Solartron potentiostat. 5 mg of the 20 wt.% Pt3Co/C intermetallic
catalyst were mixed with 2 mL of 0.05 wt.% Nafion/ethanol solution and sonicated
subsequently to form a well-dispersed catalyst ink. 10 pL of the resulting catalyst ink
were loaded onto a glassy carbon electrode (D = 5.0 mm), followed by the thermal
evaporation of the ethanol solvent. The mass loading of Pt3Co on the electrode was
calculated to be 22 pg/cm?. A coiled Pt wire was used as the counter electrode and a

Ag/AgCl in saturated KCl served as the reference electrode. ORR measurements were
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carried out using a rotating disk electrode (RDE, Pine Instruments) in an oxygen-saturated
0.IM HCIOg solution at a rotation rate of 1600 rpm and a sweep rate of 5 mV/s. ORR
polarization profiles were obtained after 50 cycles over the potential range from 0.05 to
1.1 V at 50 mV/s in 0.1M HClO4 to remove surface contamination. Cyclic voltammetry
(CV) was performed to obtain the electrochemical surface area (ECSA) by integrating
the charge over the hydrogen adsorption/desorption region from 0.05 V to +0.4 V vs RHE.
We used a conversion factor of 200 uC/cm?, according to recent results from Feliu.50-5!
Durability tests were carried out by continuous CV scanning for 2,000 cycles over the
potential range between 0.6 to 1 V vs RHE. ECSA measurements and ORR profiles were
also obtained after cycling to evaluate the electrocatalytical durability.
5.3.3 MEA Measurements

Fuel cell evaluations of each catalyst were done in a membrane-electrode assembly
(MEA) with the electrocatalyst of interest at the cathode. The active area of the fuel cell
single cell was 53 cm? The metal weight percent on carbon black-supported
electrocatalysts was approximately 25%. 2.8 g of catalyst were mixed with 3.4 g of
perfluorosulfonic acid (PFSA) ionomer (900 equivalent weight) in a 60 g water-propanol
solution, then coated on a gas-diffusion carbon paper to fabricate a gas-diffusion electrode
(GDE). The electrode Pt loadings were 0.1 and 0.025 mgPt/cm? for the cathode and
anode, respectively. The MEA was then fabricated by hot pressing an 18 pm thick PFSA-
based membrane between the cathode and anode GDEs at 146°C, 3 MPa for 4 min.
Detailed fabrication procedures have been discussed elsewhere.3? Catalyst accelerated
stability tests (AST) recommended by the U.S. Department of Energy (DOE) were used

in this study (https://www.energy.gov/sites/prod/files/2017/05/f34/fcto_ myrdd
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fuel cells.pdf). The AST consisted of 30,000 trapezoidal voltage cycles between 0.6 and
0.95 V, at 80°C, 100% relative humidity, and ambient pressure. The dwell time at each
voltage was 2.5 s and the ramp time was 0.5 s and each cycle took 6 s. The fuel cell
performance, electrochemically active surface area (ECSA), and oxygen reduction
reaction (ORR) mass activity were measured after 0, 10,000 and 30,000 cycles during the
AST. ORR activity was reported at 0.9 VRHE at 80°C, 100% relative humidity, and 1
bar of O2.1 Pt ECSA was measured by CO stripping in an MEA.5 Fuel cell current-
voltage and power density characteristics were evaluated under the following operating
conditions in the order of anode/cathode: Hy/air, 94°C, 65/65% RH, 250/250 kPaabs,
outlet, reactant stoichiometries of 1.5/2.
5.3.4 In situ Heating Synchrotron-based X-ray Diffraction (XRD) Setup

The in situ X-ray diffraction measurements were performed at the Al station of the
Cornell High Energy Synchrotron Source (CHESS) using a customized setup. The sample
was heated, in-situ, using a SabreTube furnace (Absolute Nano, Wixom, MI) which
consists of a resistively heated strip of single crystal Si inside a quartz tube. The furnace
was fitted with a customized quartz tube with two Kapton windows to allow the incident
X-ray beam to reach the sample and the diffracted beam to reach the detector. The furnace
was continually purged with forming gas (5% Ha, 95% N>) to prevent the oxidation of
the sample. Sample holders were lithographically fabricated from a double side polished
Si wafer by etching 200 um deep wells using KOH. The holder had a nitride coating to
prevent current from passing through the sample holder. The sample powder was mixed
with acetone before being pressed into the well to help in forming a stable powder

compact. The furnace temperature was measured by a thermo couple pushed up against
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the bottom of the heating element. The linear offset between the thermocouple and
sample temperature was characterized by the observation of the melting point of several
metals (Fig. S1). During diffraction, the sample was held at a fixed angle to the incident
beam.
5.3.5 In Situ Heating Synchrotron-based XRD Measurements

XRD experiments were performed at the Al station (X-ray energy = 19.6 keV, A =
0.63 A) in CHESS. A Pilatus 100K (Dectris, Switzerland) pixel array detector was used
to collect the X-ray signal, and the temperature calibration of the setup was conducted by
measuring the melting point of metal powders (Al, Sn and Zn) with a purity > 99.99% by
tracking their changes in the XRD pattern with increasing temperature. The temperature
difference between the measured and real values was 4 °C (Figure 5.2A). Directly
measured d-spacing data were converted to the standard 20 values when using Cu Ka
radiation (A =1.5406A). The 20 values of the XRD were calibrated based on a CeO,
reference sample. The 20 resolution was also measured using CeO> powder and was
found to be at least 0.1°.
5.3.6 Monte-Carol Simulation

Monte Carlo (MC) simulations, using N-body potentials, provide an efficient means to
quickly simulate the equilibrium and kinetic properties of large atomic systems (~10,000
particles). We employ a commonly used semi-empirical atomistic potential derived in the
framework of the second moment approximation of the density of states in a tight-binding
model (TB-SMA).! The potential energy at any given site , is comprised of two distinct

parts: an attractive band-term (N-body interaction) given by E?,
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And so, the total system energy, Ey, where N is the total number of ‘sites’ or atoms in

the system is given by,
N
Ey= Z(Eib +E])
i=1

The parameter set used is the same as the one used in Ref. 2. The nanoparticle (NP)
cluster is carved out from an equilibrated snapshot of the simulated bulk system. The
values of the chosen radii correspond to multiples of the lattice vector of the equilibrated
bulk phase. The stoichiometric ratio (Pt:Co) is kept as close to 3 as possible, without

inducing defects. The potential is cut-off at the third-nearest neighbor distance (r;;“ =

@rgﬁ) and extended up to the fourth-nearest neighbor distance (rofﬁtz = 27'6?/;) using a

tail correction that replaces the exponential functions with a fifth-order polynomial
function.

To simulate the NP clusters with N particles, MC simulations are performed in the
constant temperature, constant volume (NVT) ensemble without periodic boundaries.
Each MC cycle consists of N translational moves (to allow thermal relaxation), and N/3

exchange moves between random Co and Pt atoms (to facilitate faster equilibration of the
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spatial compositional distribution). The bulk system was simulated in an isothermal-
isobaric (NPT) ensemble with periodic boundaries, with each MC cycle consisting of N
(N=864) translational, N/3 exchange and N/30 volume moves.> Each NP cluster is
initially equilibrated by gradually ramping up the number of exchange moves per MC
cycle from zero to N/3 over ~25,000-50,000 MC cycles. This is done to allow the NP to
smoothly transition from its bulk lattice environment to vacuum.

To characterize the local order in the system, a Warren-Cowley* type short-range order
parameter (SROP) is calculated as

i~ Mjp M —C

—Mip Mo — ¢

m
SROP =1—

Gj

where i, j (i#j) refer to species (Co/Pt), m; is the average number of heterogeneous first-
neighbor bonds in the system keeping species i at the center, m; o is the value of m; in
the corresponding fully ordered state, c¢; is the mole fraction of the other species. For the
L12 phase, m¢,o = 1 and mp, o = 4/12. First-neighbor bonds are defined as all the
bonds within the first coordination sphere; i.e., a sphere of radius equal to 1.2 times the
distance to the first peak of the radial distribution function, g(r).

Similarly, to measure global order, the long-range order parameter (LROP). is also

evaluated for the L1, phase as

5
c
LR0P=C“+cﬁ+CV—?—2

where a, 8,7y, 6 are assigned to label the four simple cubic sub-lattices (in decreasing
order of ¢, such that c® > ¢f > ¢¥ > ¢%) that comprise the face-centered cubic (FCC)
lattice, and ¢ denotes the fractional sub-lattice occupation by Pt atoms, i.e. ¢ = (total

number of Pt atoms on the sub-lattice)/(total number of atoms on the sub-lattice). As with
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the SROP, by definition, LROP of 0 and 1 represent completely disordered and perfectly
ordered lattices. The transition temperatures are estimated by performing serial heating
runs (with temperature increments of 5°C, and averaging over 32 independent trajectories)
and locating the inflexion point of the LROP and SROP curves.

Since the model parameterization used underestimates the ODT temperature (when
compared to the experimentally calculated value®) by about 500°C , the results are rigidly
shifted to match the experimental ODT temperature as detected by the OPs (Tppr~500K).
Despite this quantitative shortcoming of the model, it is expected to be able to capture the
relative trends in physical behavior.
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5.3.7 Electron Microscopy Characterizations

Ex situ atomic-scale STEM images were recorded using an aberration-corrected FEI
Titan Themis STEM operated at 300 keV with a convergence angle of 30 mrad. In situ
heating STEM experiments were conducted in a FEI Tecnai F20 with a Schottky field
emission gun at 200 keV with a convergence angle of about 9.8 mrad. An annular, dark
field detector was used to collect the image signal with high collection angles to achieve
better atomic number sensitivity. The temperature was controlled using a Protochips
Aduro heating holder with the sample powder dispersed on a model E-AHA21 Protochips
E-chip, which has an amorphous carbon film that covered the viewing window. The
temperature was pre-calibrated before use. The particle size distribution was calculated
from STEM images using an automated procedure implemented in MATLAB. A light
Gaussian smoothing was applied to each image to reduce noise, and the uneven
background of the carbon support was estimated and removed using a gray-scale
morphological opening operation with a 30 nm radius, spherical, structure element. The
Pt3Co particles were then segmented using an active contour with the Chan-Vese
method.> The active contour segmentation began with an initial estimate from threshold
segmentation and operated on the square root of the background-subtracted STEM image
to reduce the impact of thickness variations from particles of different sizes. After the
Pt3Co nanoparticles were segmented, their size distribution was calculated using a
procedure that estimated the local radius of particle sub-regions. This provided a more
robust estimate of size than a simple spherical-particle approximation for particles that
had irregular shapes or were overlapping in the STEM images. Particles were separated

into sub-regions using a watershed transform, and the local radius for each sub-region
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was calculated as the maximum distance from the particle edge in that sub-region. The
sub-regions were weighted according to their projected area in the image for inclusion in
the particle size distribution and for estimation of the specific surface area (SSA).
Palladium acetylacetonate (Pd(acac),), iron acetylacetonate (Fe(acac)s), triethylene
glycol, 1,2-hexadecanediol, sodium hydroxide, potassium tetrachloroplatinate(I)
(KoPtCls) and Nafion (5% wt) were purchased from Sigma-Aldrich. All chemicals were
used as received without further purification. Vulcan XC-72 carbon black was from Cabot

Corporation.

5.4 Result and Discussion
5.4.1 In Situ Heating Synchrotron-based X-ray Diffraction

Pt3Co/C disordered alloys were synthesized using an impregnation method? in which
precursors were reduced under forming gas at 300 °C and the as-synthesized Pt3Co/C
catalysts were subsequently annealed further at high temperatures under forming gas. The
XRD patterns of the as-synthesized Pt3Co/C and Pt3Co/C annealed at 700 °C in a
conventional tube furnace were first measured in the in situ heating XRD stage to verify
the reliability of the set-up (Figure 5.1A). After annealing, the sample exhibited multiple
superlattice ordering peaks: (100) at 23°, (110) at 32.5°, (210) at 53.5°, (211) at 59°, (300)
at 74.3° and (310) at 79°, which match well with XRD reference of ordered intermetallic
Pt:3Co (PDF #04-006-8057), confirming the formation of ordered phase. In this
experiment the orientation of the crystallites should be random both at the nanoparticle
(NP) level, and within the NP/C mixture. Beyond this assumption, the data itself provide

assurance that the orientations of the crystallites are sufficiently random. First, data were
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collected using a 2D detector and integrated to generate the 1D data sets. The detector
image of the as-prepared Pt3Co intermetallic NPs collects a portion of the ring, as shown
Figure 5.2B. It can be seen, particularly in the smallest ring, that there is no change in
intensity as a function of position along the ring, indicating a random orientation of grains.
The peak positions were consistent with the standard database of bulk Pt3Co-ordered
intermetallics (PDF # 04-004-5243) (Figure 5.1B). After subtracting the background, by
selecting three points to form the baseline (Figure 5.1C, inset), the XRD pattern was
analyzed further to quantify the relative content of the ordered phase. We employed the
intermetallic peak (110) at 32.5° for analysis. It is the second strongest intermetallic peak,
yielding a sufficient signal-to-noise ratio for further analysis. While the strongest
intermetallic peak is the (100), it is located within the diffuse scattering ring from the
carbon support, making it difficult to accurately extract the integrated intensity of this
peak, precluding an accurate intensity analysis. Because there was some overlap between
the (111) and (200) peaks, due to the broadening of the peaks by the relatively small
domain/crystallite size, the ratio of the integrated area under the (110) peak (red) to that
of the sum of the areas under the (111) and (200) peaks (blue), Ii10y/(I111y+H200)), Was
used so as to yield a more accurate quantitative evaluation. The theoretical value of
Ia10/(Ia11y+200)), based on the structure factor, for Pt3Co is 0.078, as calculated using
the XRD database of ordered Pt3Co. This corresponds to a 100 % of fully ordered

intermetallic Pt3Co particles (Figure 5.1D). The relative fraction of the ordered phase

130



Annealed Pt ,Co/C

—
ey
—
=
~

A ——Pt,Co/C alloy
~ | Standard PtCo
8
o
Forming Formmg
gas 985
!
Synchrotron
X-ray
20 40 60 80
C _ D 2 theta / degree
=~ XRD profile 0-081 Annealat 715°C 2 h -
~ —— Baseline
"20; 0.06 4
T
_E 0044
20 30 40 50 60 :,\
2 theta / degree _E 0.02 -
]
]
]
| i } i 0.00 4 g . .
: Cal. ordered intermetallic% ~27%
20 25 30 35 40 45 50 55 0 20 ’ 40 60 80 100
2 theta / degree Ordered intermetallic / %

Figure 5.1 (A) Schematic illustration of the home-made device for the in situ
synchrotron-based, X-ray diffraction (XRD) study. (B) XRD patterns of the as-
synthesized Pt3Co/C alloy and Pt3Co/C after further annealing at 700 °C in the in-situ
heating cell. (C) Quantitative analysis of the peak integral of the (110) ordering peak, and
the (111) and (200) major peaks. Inset: illustration of background subtraction. (D)
Quantitative calculations of the relative content of ordered intermetallic based on the
assumption of a linear relationship between the ratio of the integrated areas of the ordered

intermetallic peak at (110) to the sum of the (111) and (200) peaks.
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exhibits a linear relationship with Ii10y/(Ii11y+200)). This approach is valid since the
intensity of the (111) and (200) peaks, the fundamental reflections, are constant for both
ordered and disordered phases since the average electron density for these planes is fixed,
assuming a fixed composition. For example, we found that Pt3Co/C annealed at 715 °C
had a peak ratio of 0.020, and therefore we calculated that the phase fraction of
nanoparticles adopting the ordered phase was approximately 26%.2

To better understand the changes in XRD patterns as a function of the annealing
temperature, the as-synthesized Pt;Co/C alloy catalysts were annealed at different
temperatures, for 2 h each, in flowing forming gas (Figure 5.3A). After the two-hour
anneal, the intensity of the (110) superstructure peak at ~33° was compared to the
fundamental (111) reflections. We found that the ratio, I110)/(I(111)+1200)), increased with
annealing temperature over the 600 °C to 750 °C range. The increased ordering is likely
due to the enhanced ability to overcome the nucleation and diffusion barriers with
increasing temperature. The maximum relative superstructure peak intensity at 750 °C
was 0.023, corresponding to an ordered intermetallic phase fraction of about 30%. When
annealed at 825 °C for 2 h, the relative fraction of the ordered phase went to zero, within
the signal to noise level, consistent with the presence of only the disordered phase which
is stable when T > T¢ (750 °C) in the bulk Pt-Co phase diagram. Similar changes at
different temperatures were also observed in the powder XRD under the same conditions

during the post-synthesis annealing treatment in a traditional tube furnace. (Figure 5.4).
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Figure 5.3 (A) In situ heating XRD patterns of Pt3Co/C annealed at various temperatures.
The dashed line represents the as-synthesized Pt3Co/C alloy. (B) Calculated relative
content of ordered intermetallic Pt3Co/C formed and particle size (calculated from the
width of the (111) peak). (C) In situ heating XRD patterns of Pt3Co/C at 750 °C, the
optimal temperature, as a function of annealing time. (D) Calculated relative content of

ordered Pt3Co/C formed, and particle size.

134



There are several factors that may influence the behavior of an ensemble of particles
during annealing. The first is the diffusion rate, both intra- and inter-particle, which
increases with increasing temperature. Overall, diffusion will drive the composition to be
spatially uniform. After sufficient time, all particles will be alike. Concomitantly, the
average particle size will grow. Further, higher diffusion rates will allow the NP’s to
reach their equilibrium state faster. During the cooling process, the driving force for
nucleation increases and the diffusion rate decreases as the temperature falls below the
phase transition temperature. The next consideration is the stoichiometric ratio of the
components (Pt to M). The stoichiometric ratio may vary from particle to particle due to
the randomness of aggregation of Pt and M to a growing particle. The average ratio, of
course, will be determined by the ratio of reagents used in a particular synthesis procedure.
Particle size and morphology may also play a factor in the overall behavior. Finally, even
at thermodynamic equilibrium, the degree of ordering will likely be less than 100 % due
to strain and finite size effects. Since thermal equilibrium is reached by diffusion, low
temperature anneals may not result in nucleation nor subsequent growth.

We observed a sharper (111) peak at the higher annealing temperatures (Figure 5.3A).
The average domain size of each ensemble of particles was estimated by the Scherrer
equation using the full width at half maximum (FWHM) of the (111) peak, which is fairly
consistent with the particle size determined from our TEM analysis (vide infra). After a
2 h annealing process, the average domain size of Pt3Co/C increased from 3.5 nm to 6
nm with increasing annealing temperature from 600 °C to 750 °C, and it became as large
as 8 nm when the temperature was 825 °C. The (111) diffraction peak also shifted

gradually to higher angles, indicating that the corresponding lattice d-spacing decreased
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from 2.29 A, before annealing, and reached a value as low as 2.24 A after a 2h anneal at
825 °C. The d-spacing approached the theoretical value of ordered bulk Pt;Co, 2.21 A,
(Figure 5.5A). The relative content of the ordered phase and the particle size, both
increased with increasing temperatures when the temperature was 600~750 °C (Figure
5.3B). The above behavior is similar to that of bulk AuCus and PtCo nanoparticles.38-42

At 750 °C, which was the optimal annealing temperature for the highest degree of
ordering achieved in this experiment, the XRD patterns were tracked dynamically as a
function of annealing time (Figure 5.3C). The (110) ordering peak became more
pronounced, and the (111) peak became sharper and shifted to higher angles with longer
annealing times. The calculated phase content of ordered Pt3Co/C and domain sizes
exhibited a similar trend; they both increased rapidly during the first half hour, and
gradually approached a relatively stable plateau (Figure 5.3D). This suggested that 2 h
was sufficient time to achieve a steady state (or possibly equilibrium) and optimal
contents of the ordered phase at such temperatures. After 2 h of annealing at 750 °C,
Pt3Co/C had an average domain size of 6 nm and a (110) ordered peak intensity of 30%
relative to the maximum possible, if ordering was complete. In addition, the d-spacing
decreased during the first 30 mins and approached a plateau (Figure 5.5B), indicating that
the lattice contracted during annealing as the average order increased.

To investigate quantitatively the influence of Pt3Co particle size (3~8 nm) on the onset
of disorder, we used Monte-Carlo simulations to calculate the degree of substitutional
ordering at thermodynamic equilibrium at various temperatures from the average atomic

occupation of the lattice sites.34! The order-disorder transition (ODT) was characterized

137



>

B 2.29+
ao7d T Anneal for 2 h Anneal at 750 °C

N

)

©
1

d spacing / angstrom
N N
o >
d spacing / angstrom
N N
> X

2.24- \
2254

600 650 700 750 800 850 0 20 40 60 80 100 120
Anneal temperature / °C Anneal time / min
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by both the (long-range order parameter) LROP and the (short-range order parameter)
SROP and plotted as a function of temperature in Figure 5.6 for two NP sizes (2.9 and
5.2 nm) and the bulk system (see calculation details in the supporting information). For
each system, the temperature at which the LROP and SROP curves exhibit inflexion
points is roughly the same and marks the ODT temperature, Topt. At Topt, the system
undergoes a transition from the L1, phase (Figure 5.6B) to a disordered phase via an
intermediate, transient D022 phase (Figure 5.6C). The D02, phase also possesses global
long-range order with lower crystal symmetry but is not captured by the LROP used
(Figures 5.6B-C). The Topr of the NPs is significantly lower than that of the bulk system
(750 °C), and there is a clear trend of a decrease in Topt with a decrease in NP size. This
indicates that for a certain range of temperatures (below the bulk Topr) one could observe
larger NPs maintaining higher degree of substitutional order than smaller NPs, which is
consistent with our experimental observations in Figure 5.3B.

To dynamically track the evolution of the superlattice ordering peaks during the
annealing process, the XRD patterns of Pt3Co/C were obtained by increasing the
temperature at a very slow rate of 0.5 °C/min from 620 °C to 830 °C (Figure 5.7A).
Because each diffraction scan took less than 2 min, the temperature resolution was within
1 °C. With higher annealing temperatures, the (110) peak became more pronounced and
attained a maximum at 720-750 °C, while the absolute intensity of the (111) peak
decreased, due to additional disordering in the lattice above the transition temperature as
well as to Debye-Waller effects.**# The relative magnitude of the peak intensity ratio of
(110) to (111), with the maximum ratio normalized to 100%, was employed as a simple

(and reliable) metric to represent the relative amount of the ordered phase (Figure 5.7B).
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Figure 5.6 (A) Simulation results for the SROP (red, dashed line) and LROP (blue, solid
line) as a function of temperature for bulk (N=864, no marker) and spherical NPs with
diameter d=2.9 nm (N=800, circles) and d=5.2 nm (N=4800, squares, with snapshots
shown at temperatures just before the ODT on the left, and just after the ODT on the
right). The temperatures are rigidly shifted so as to match the simulation results to the
experimental Bulk order-disorder transition (ODT) temperature. As the size of the NP is
reduced, the ODT temperature for the NPs also decreases. Snapshots of the bulk trajectory
taken at increasing temperatures showing (B) ordered intermetallic phase, L12, (C) D02
state with global long-range order and lower crystal symmetry, and (D) disordered solid

solution phase. The green and red atoms represent Pt and Co, respectively.
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Because the annealing treatment of binary intermetallics during synthesis must be
accompanied by cooling of the catalysts down to room temperature, the cooling procedure,
after the in situ annealing process, was also investigated. Pt3Co/C powders, annealed at
715 °C for 2 h were used as a baseline to measure the effect of different cooling rates
(Figure 5.8A). After annealing at 715 °C for 2 h, and cooling to room temperature, the
(111) peak shifted to higher angle, indicating that the lattice had contracted further.
Cooling experiments were conducted at two different cooling rates after 2 h of annealing
(Figure 5.8B). The first was a slow rate of 6 °C/min, and in the second, the sample was
cooled by turning off the electric heater and allowing the gas in the device to cool
naturally at a rate of ~30 °C/min. At the slower cooling rate, the relative contents of the
ordered Pt3Co/C phase increased, which was ascribed to the extended period for the
atomic rearrangement to the thermodynamically-favored state. The sample cooled at a
higher rate showed only a slight increase in ordered phase content.

In summary, the effects of the annealing and cooling processes at different annealing
temperatures and times on the ordered intermetallic content, were investigated. We
conclude that the optimal annealing conditions were to anneal Pt3Co/C at 750 °C for 2 h
and then to cool to room temperature at a slow rate (e.g., 6 °C/min). Other cooling
procedures may lead to an even larger fraction of ordered particles. Such processing
parameters are used to manufacture heat-resistant CorningWare glass, and in toughening

metals by age precipitation hardening, for example.
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Figure 5.7 (A) In situ heating XRD patterns of Pt3Co/C annealed from 620 °C to 830 °C
at a slow temperature ramping rate of 0.5 °C/min (B) Relative peak integral ratio of the
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Figure 5.8 (A) XRD patterns of Pt3Co after annealing at 715 °C for 2 h, and after cooling
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5.4.2 In Situ Heating STEM

In addition to enabling structured ordering, the thermal annealing process can also alter
the morphology of the Pt3Co nanoparticles. The most important morphological change
was coarsening of the Pt;Co particles, which increased their size and decreased the
catalysts’ active surface area. To observe these morphological changes, we conducted in
situ annealing experiments in a scanning transmission electron microscope (STEM).

A Pt3Co/C alloy specimen was annealed at 750°C for 2 hours in an in situ STEM
specimen holder in vacuum to approximate the conditions of a typical annealing protocol.
Images were acquired alternately in three separate regions of the specimen to provide a
more robust and representative measurement of changes in the specimen (Figure 5.9).
Figures 5.9A-C show a broad area of the sample before the annealing procedure and after
22 minutes and 2 hours of heating at 750 °C, respectively. An overall coarsening of the
particles was evident throughout the region, especially during the first 22 minutes.
Figures 5.9D-I show a smaller sub-region, in detail, to highlight the observed particle
coalescence, which appeared to be the primary coarsening mechanism. Significant
particle mobility on the carbon support was also observed, with some particles moving
more than 10 nm and growing significantly in size from collisions and coalescence with
other particles. Note that several ~2 nm particles remained fixed near their initial positions
throughout the experiment with no noticeable change in size. This observation argues
against Ostwald ripening as being a significant contributor to the particle coarsening.
Dynamic movements of particles can be seen in the supplementary video.

Additional insights can be gained by calculating the statistical distribution of particle

sizes and considering their change during the experiment (Figure 5.9J). The particle size
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Figure 5.9 In situ heating STEM enabling tracking of the morphological changes of
Pt3Co/C annealed at 750°C. (A-C) Pt3Co/C before annealing, annealed for 22 min, and
annealed for 2h, respectively. (D-I) A specific region was magnified to illustrate particle
migration and coalescence during a continuous 2 h annealing process. (J) Measured
distribution of particle sizes of thousands of particles from Figure 5.7A at different
annealing times at 750°C. Cross marks on the X-axis represent the corresponding average

particle sizes. (K) Volume-weighted, particle size distribution, which reflects the relative
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contribution of larger particles more clearly, as shown by the more pronounced tails for
particle sizes above 8 nm. Cross marks on the X-axis represent the corresponding volume-
weighted, average particle sizes. (L) Specific surface area (SSA) (m?/gp;) estimated from
STEM images of three different regions at different annealing times. Inset:
Electrochemical surface area (ECSA) for Pt3Co/C before and after annealing at 750 °C
for 2 h, measured from the coulometric charge associate with hydrogen adsorption (Hads)
regions in the cyclic voltammograms. Details of statistical analysis of particle sizes and
SSA calculations can be found in the experimental section. Scale bars in Figures A-C are

50 nm, and scale bars in Figures D-I are 5 nm.
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distribution approximately followed a lognormal form, with smaller 2-3 nm particles
being the most common with a substantial tail of larger particles. After annealing, the
count of smaller particles decreased, while the distribution tail of larger particles grew
more pronounced. This change in the shape of the distribution is also consistent with
coarsening by particle coalescence, when a subset of smaller particles merge to form
larger particles.*3-46 By contrast, an Ostwald ripening mechanism would have resulted in
a more uniform shift in the distribution. The most significant change in the distribution
occurred prior to the end of 19-24 min frame, though more subtle changes in the
distribution occurred during the remainder of the annealing process. The growth in the
number of large particles is more readily observed in the volume-weighted size
distribution (Figure 5.9K), which shows that larger particles, formed by coalescence,
accounted for a significant fraction of the Pt3Co volume, even though large particles were
relatively few in number.

The consequences of coarsening that occurred during the annealing process, on the
electrochemical surface area (ECSA) of the Pt3Co particles were examined by estimating
the specific surface area (SSA) of the particles from the images in each region of the
specimen (Figure 5.9L). The overall estimated SSA loss was approximately 20-30% and
it varied among the three different locations in the specimen. This was similar in
magnitude to the 33% loss in ECSA that we calculated from the cyclic voltammograms
(CV) of Pt3Co/C annealed for 2 h at 750°C in forming gas as discussed below. (Figure
5.9L, inset) In each specimen region, the SSA tended to decrease in approximately an
exponential manner, and decayed towards a lower (but non-zero) value with a time-

constant that varied from 7-25 min among the three different regions. This confirmed
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previous observations that the most significant changes in the distribution of particle sizes
occurred very early in the annealing process. The variation between the total SSA loss
and the decay rate likely reflect differences in the strength of the bonding between Pt3Co
particles and the carbon support, suggesting that the structure of the carbon support can
be quite heterogeneous.

5.4.3 Atomic-Scale Ex Situ HAADF-STEM Imaging

To directly observe the crystal structure of ordered intermetallics at the atomic-scale, we
employed aberration-corrected scanning transmission electron microscopy (STEM) to
study the Pt3Co/C after the annealing and cooling processes. We used the high-angle
annular dark-field (HAADF) STEM imaging mode, which provides intensities that scale
with the atomic number (I « Z'7) so that Pt atoms appear much brighter than Co atoms.
L1, intermetallic ordering in Pt3Co nanoparticles can be recognized by the presence of
unique, superlattice-ordered unit cells. The atomic-scale STEM image of a Pt;Co particle
along the [100] zone axis exhibits a periodic square array of dimmer Co atom columns at
the center, surrounded by brighter Pt columns at the corners (Figure 5.10A). The square
symmetry is consistent with the projected crystal model along the same [100] zone axis
in ordered Pt:Co intermetallics, where four pure Pt atom columns (red), at the corners,
surround the pure Co atom columns (green) at the center (PDF # 01-072-9179) (Figure
5.10C). However, another single-crystal Pt3Co nanoparticle (Figure 5.10B), which was
viewed along the [100] zone axis, exhibited only a partially ordered intermetallic phase,
as only parts of the NP showed a similar variation in the intensity as the crystal model
suggested (Figure 5.10C). Other parts of the NP showed atoms at the center that were as

bright as atoms at the corners, indicating that only a short-range, atom ordering existed
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Figure 5.10 Atomic-scale ex situ HAADF-STEM images of Pt3Co/C after annealing. (A)
An ordered intermetallic Pt3Co particle on the [100] zone axis. Brighter atoms at corners
of squares are Pt, and dimmer atoms at the center are Co. (B) A partially ordered
intermetallic particle on the [100] zone axis. Both brighter and dimmer atoms exist at the
center of the squares. (C) Corresponding projected crystal model along [100]. Red and
green atoms are Pt and Co, respectively. Crystal models were built based on the ordered

intermetallic Pt3Co (PDF # 01-072-9179).
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in such Pt3Co nanoparticles. Figures 5.10A-B indicate that both fully and partially
ordered intermetallics exist in the Pt3Co nanoparticles after the annealing process.
5.4.4 Correlation of the Degree of Ordering to the Catalyst’s Durability

The above mechanistic studies involving both in situ heating XRD and in sifu heating
TEM yield a fuller picture of the order- disorder phase transition and provide further
practical guidance for the design of ORR catalysts with enhanced durability. The
electrochemical properties of the electrocatalysts annealed at different temperatures in a
tube furnace were studied systematically to correlate the degree of ordering to the
catalyst’s durability (Figure 5.11). The powder XRD patterns of annealed Pt:Co/C
(Figure 5.4) exhibited a similar trend as the in sifu heating XRD patterns in Figure 5.3.
The mass-specific activity (MA), the surface area-specific activity (SA), and the
electrochemical surface area (ECSA) of the Pt3Co/C alloy electrocatalysts, that were
annealed at different temperatures, were measured and calculated initially and after
stability cycling, which involved potential cycling at 50 mV/s in 0.1M HClO4 over the
potential range of 0.6 to 1.0 V vs. the reversible hydrogen electrode (RHE) (Figures 5.12-
13). Figure 5.11A presents the ECSA, MA (mass activity) and SA (specific activity) of
Pt3Co/C annealed at various temperatures. The ECSA exhibited a minimal decrease from
650 to 750°C while both of MA and SA improved with the degree of ordering and reached
a maximum at 750 °C. After stability tests, similar trends in MA and SA were evident

However, in all cases, the activity decreased dramatically when the annealing temperature

150



>
os]

. 80__5 —a—Before 105 28 Y
5) S-, 60 —e— After X 90 o A -0
O 404 -
T & 7 [
& 7/ T v T T .,.E | 20
- g 0.4 o 604
=&
g 3 o2] ™ e ] o L .30
E .- D - 40
ot IR ' ' % %01 —&— MA retention
o ] i --50
-5 % ://'_’/:/—T E 5] ——SAretention
<~ J ] —8— ECSA retention .
0.4 60
°< il Z ,] - E,shift
0.0 7/ T T T T —7/F— T T T T -70
250 300 600 650 700 750 800 850 250 300 600 650 700 750 800 850
Anneal temperature / °C Anneal temperature / °C

Figure 5.11 (A) Calculated ECSA, mass-specific activity (MA) and surface-specific
activity (SA) at 0.9V vs. RHE of Pt;Co/C before and after stability tests, after a series of
annealing temperatures for 2h. (B) Normalized retention of mass-specific activity (MA),
surface area-specific activity (SA), and electrochemical surface area (ECSA) on the left
axis, and half-wave potential shift on the right axis of Pt3Co/C after annealing at different
temperatures. Normalized retention was calculated based on the ratio of the initial
activity/surface areas to that after durability tests (2000 cycles in cyclic voltammetry at
100 mV/sec in 0.1M HCIlO4 over the potential at the range from 0.6 to 1.0 V vs RHE).
The best durability was achieved at around 750 °C, corresponding to the optimal degree

of ordering.
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Figure 5.12 CV profiles of as-synthesized Pt;Co/C and Pt3Co/C annealed at different
temperatures, before and after stability tests. (All CV profiles were obtained at a sweep
rate of 50 mV/sec in oxygen-saturated a 0.1M HCIO4 solution over the potential range

from 0.05 to 1.1 V vs RHE.)
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Figure 5.13 RDE polarization curves of as-synthesized Pt3Co/C and Pt3Co/C annealed at

different temperatures, before and after stability tests. (All RDE polarization curves were

obtained at a sweep rate of 5 mV/sec in oxygen-saturated a 0.1M HCIO4 solution at a

rotation rate of 1600 rpm.)
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exceeded 750 °C, as would be anticipated. Furthermore, their relative retentions were
calculated from the ratio between the initial activity/surface areas to that after the
durability tests (Figure 5.11A and Table 5.2). With increasing annealing temperature, the
retention of the SA and MA improved continuously until reaching the highest values of
94% and 95%, respectively, at 750 °C. However, they dramatically decreased when the
annealing temperature was increased to 825 °C. The trends in retention of SA and MA
were quite consistent with the degree of ordering of the intermetallics, which indicated
that the more ordered atomic structure improved the durability of the Pt:Co/C
nanoparticles. ECSA retention reached a maximum plateau at 725-750 °C with nearly no
decay, with respect to its initial value, suggesting that a higher degree of ordering
suppressed the loss of Pt surface area. It should be noted that the as-synthesized Pt3Co/C
(reduced at 300 °C) had a slightly higher ECSA than Pt3Co/C that was annealed at 600
°C, likely because the as-synthesized Pt3Co/C contained particles that were smaller than
those annealed at 600 °C. This may have counteracted, or even surpassed, the benefit of
the higher degree of ordering at 600 °C.

The shift in the half-wave potential (E12), which is considered as an indicator of the
intrinsic electrocatalytic activity in a more straightforward way, was also evaluated for
its stability. The E12 exhibited a trend similar to the SA and MA, with the least negative
shift (< 5mV) observed at the optimal annealing temperature of 750 °C. The improvement
in the stability of the Pt3Co with the highest ordered degree, comes from the stable
intermetallic Pt, Co arrangement in the core and the Pt rich shell. In the stability test of
Pt3Co alloy or intermetallics, the degradation of the electrocatalyst comes mainly from

the loss of Co and the leached Co ions in the electrolyte, in turn contaminating the Pt
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ECSA

SA E1/2

(m?/gpy) ECSA MA (mA/uige:) MA (mA/cmZp,) SA (V vs. RHE) Eys

Temp. . . Pt . B
°C) retention Retention Retention Shift
Before After (%) Before After (%) Before After (%) Before After (mv)
300 73 66 90 0.251 0.1 40 0.344 0.16 47 0.886 | 0.854 -32
600 54 45 82 0.263 | 0.117 44 0.488 0.26 53 0.899 | 0.871 -28
650 52 51 97 0.265 | 0.154 58 0.51 0.30 59 0.902 | 0.876 -26
675 52 52 100 0.4 0.24 60 0.77 0.46 60 0.909 0.89 -19

715 51 52 102 0.41 0.31 73 0.80 0.61 76 0.912 | 0.904 -8

750 51 52 102 0.42 0.4 95 0.82 0.77 94 0.915 | 0.912 -3
825 40 28 70 0.3 0.11 36 0.75 0.40 53 0.904 | 0.845 -59

Table 5.2 The calculated ECSA, MA, SA at 0.9 V and half-wave potential (Ei) for

different Pt3Co/C samples before and after stability tests. ECSA and Mass activity

retentions were calculated from the ratio of hydrogen adsorption region between its initial

values to that after stability test. Since all the catalysts have the same mass loading of

Pt3Co, SA will have a value of MA divided by ECSA.
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surface. The intermetallic nanoparticle with the highest ordered degree had the most
uniform and regular atomic structure, so the Co was mostly bonded and surrounded by
Pt.

Also, the stable and ordered structure maintained the robust atomic structure, retaining
the highest ECSA after the cycling process. As a result, it yielded a large improvement in
the E12 during the stability test. This enhancement is not only observed from the RDE
experiments, but also demonstrated in the membrane electrode assembly results (see
below). To the best of our knowledge, this study represents the first successful attempt to
systematically correlate the degree of ordering of binary alloy catalysts to the durability
of electrocatalysts towards the oxygen reduction reaction in fuel cells, which will provide
valuable insights and strategies in the future design of novel, ordered intermetallic
electrocatalysts.

5.4.5 Real-World Stability Evaluation

For practical applications in PEMFCs, it is important to confirm that the findings in the
laboratory can be translated to real-world (practical) improvement. The annealed, ordered,
Pt3Co/C electrocatalysts prepared in this work were evaluated in a fuel cell membrane-
electrode assembly (MEA) and compared to one of the most active and durable state-of-
the-art PtCo/C catalysts (Figure 5.13) .47-4® The disordered Pt3Co/C used for comparison
was made by chemically dealloying a PtCo/C precursor. The disordered Pt3Co/C had
already exhibited excellent activity and stability in MEA results and had surpassed the
U.S. Department of Energy (DOE) targets (initial ORR mass activity >0.44 A/mgp: and
<40% loss after stability test) (Figure 5.13B). In this study, the disordered Pt3:Co was

further processed through the aforementioned optimal annealing conditions to achieve a
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Figure 5.13 Fuel cell performance comparison of disordered and annealed Pt3Co/C

before and after stability testing. BOL and EOL represent beginning-of-life (initial

performance) and end-of-life (after 30,000 cycles), respectively. (A) MEA performance

at Pt loadings of 0.025 and 0.10 mgp/cm? on anode and cathode, respectively. Cell

operation conditions are in the order of anode/cathode: Ho/air, 94 °C, 65/65%RH, 250/250

kPaabs,outlet, stoichiometries of 1.5/2. (B) Mass-specific activity (MA) measured at 0.9 V

vs. RHE; ECSA of Pt measured by CO stripping in MEA; Voltage measured at a high

current density of 2 A/cm?. (C) Power density at 0.67 V under the same condition as (A).
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maximum degree of ordering. The annealed Pt3Co/C showed comparable initial ORR
activity and Pt ECSA to the disordered catalyst, however, it had about a 40% lower loss
after the stability test (Figure 5.13B middle plot). This is an impressive achievement over
an already-very-stable, high performing electrocatalyst. These results support the findings
of the above-described in situ experiments on Pt;Co, that ordered intermetallic phases
represent a promising path to develop stable, high performance fuel cell electrocatalysts.
The initial high-current-density (HCD) performance (Figure 5.13B lower plot and 5.13C)
of the ordered catalyst, although quite respectable by industry standards, is still slightly
lower than our well-optimized baseline disordered Pt3Co/C catalyst. The development of
MEA electrodes for HCD for new catalysts generally takes several months and large
amount of materials to optimize the ionomer, catalyst, and pore distribution within the
electrode. Taking the mass activity and ECSA of the ordered catalyst into account, we
predict that once optimized, the initial performance of the ordered phase Pt;Co
electrocatalyst will surpass that of the disordered Pt3Co/C catalyst.*’

The greatest value of the stability improvement of this catalyst is especially evident at
HCD, as the durability under HCD performance is the leading factor determining the cost
of a fuel cell stack.*’ The annealed Pt3:Co/C catalyst showed significantly smaller losses
compared to the disordered catalyst after 30,000 cycles; only 20 mV vs. 66 mV (Figure
5.13B lower plot). This is due to the better retention of ORR activity and ECSA of the
ordered catalysts as discussed above. To practically meet the U.S. DOE heat rejection
target (Q/AT of <1.45), the voltage must be higher than the 0.67 V under the operating
conditions used in this work (94°C).#® As shown in Figure 5.13C, the annealed Pt3Co/C

exhibited only a 5% loss in power density at 0.67 V after 30,000 cycles, relative to a 14%
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loss for the disordered Pt3Co/C electrocatalyst. To the best of our knowledge, these results
represent a cathode catalyst in PEMFCs with the highest performance and stability
published to date. While we employed an accelerated stability test and yet require
performing a long-term durability validation in this study, the advancement projects
progress toward meeting the US DOE durability target of less than 10% performance loss

after 8,000 h of automotive drive cycle.

5.5 Conclusion

In summary, this work represents the first time that both in situ heating synchrotron-
based XRD for large ensembles of nanoparticles and in sifu heating TEM at microscopic
level have been used to quantitatively study the dynamics of the order-disorder phase
transition and morphological and structural changes of binary intermetallics during a
thermal annealing treatment. We have studied the impact of the annealing temperature
and cooling conditions (temperature and time) comprehensively, on the degree of
ordering, particle size, and lattice strain of Pt3Co intermetallics. Through Monte Carlo
simulations, we have also found that Pt3Co nanoparticles have a lower order-disorder
phase transition temperature than their bulk counterpart (by up to ~100 °C for 3-5 nm
nanoparticles). At the optimal annealing temperature (750 °C), the total content of ordered
intermetallic phase peaks at about 30%, reflecting the presence of both fully and partially
ordered nanoparticles and a correlation between intermetallic order and particle size. To
directly visualize the morphological and structural transitions during the annealing

treatment, we further employed in situ heating STEM to study the mechanism of
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nanoparticle migration and growth, and we quantitatively investigated the evolution of
particle size distribution and the specific surface area during the annealing process. We
achieved a direct visualization of both fully ordered and partially ordered individual
Pt3Co nanoparticles at the atomic scale. Finally, we have built a structure-activity
correlation in which the Pt3Co/C catalysts, with a higher degree of ordering, exhibited
significantly enhanced durability. We further demonstrated that the annealed Pt3:Co/C
with optimal degree of ordering exhibited remarkable long-term durability in practical
MEA measurements in PEMFCs. This systematic and in-depth study, which involved
both in situ heating XRD and in situ heating TEM, will have a broad impact on the further

development of ordered intermetallic electrocatalysts for fuel cell applications.
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CHAPTER 6

A STRATEGY FOR INCREASING THE EFFICIENCY OF
THE OXYGEN REDUCTION REACTION IN MN-DOPED COBALT

FERRITES

Reproduced from J. Am. Chem. Soc. 2019, 141, 10, 4412-4421
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.6.1 Abstract

Alkaline fuel cells have drawn increasing attention as next-generation energy-
conversion devices for electrical vehicles, since high pH enables the use of non-precious
metal catalyst. Herein, we report on a family of rationally designed Mn-promoting cobalt
ferrite (MCF) spinel nanocrystals, with an optimal composition, Mngs(CoFe2)0.7304
(MCF-0.8), that are effective electrocatalysts for the oxygen reduction reaction (ORR).
MCF-0.8 exhibits a half-wave potential (E12) of 0.89 V vs. RHE in 1M NaOH, only 0.02
V less than that of commercial Pt/C under identical testing conditions, and to the best of
our knowledge, is one of the highest recorded values in the literature. Moreover, MCF-
0.8 exhibits remarkable durability (AE12=0.014 V) after 10,000 electrochemical cycles.
In situ X-ray absorption spectroscopy (XAS) reveals that the superior performance of the
trimetallic MCF-0.8 originates from the synergistic catalytic effect of Mn and Co, While
Fe helps preserve the spinel structure during cycling. We employed in situ XAS to track
the evolution of the oxidation states and the metal-oxygen distances under not only
constant applied potentials (steady state) but also during dynamic cyclic voltammetry
(CV) (non-steady state). The periodic conversion between Mn(I1II, IV)/Co(III) and Mn(II,
IIT)/Co(IT) as well as the essentially constant oxidation state of Fe during the CV suggest
collaboration efforts among Mn, Co and Fe. Mn and Co serve as the synergistic co-active
sites to catalyze the oxygen reduction, apparently resulting in the observed high activity,
while Fe works to maintain the integrity of the spinel structure, likely contributing to the
remarkable durability of the catalyst. These findings provide a mechanistic understanding

of the electrocatalytic processes of trimetallic oxides under real-time fuel cell operating
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conditions. and This approach provides a new strategy to design high-performance non-

precious metal electrocatalysts for alkaline fuel cells.

6.2 Introduction

The increasing need for clean, renewable energy continuously stimulates the
development of fuel cells, which can exhibit energy conversion efficiency about three
times higher than that of internal the combustion engine (ICE). However, the sluggish
kinetics of the oxygen reduction reaction (ORR) at the cathode remains as one of the key
challenges.! To date, state-of-the-art Pt and Pd-based electrocatalysts are recognized as
the most efficient commercial candidates for the ORR in acidic media, but their high cost
and scarcity still hinder the widespread large-scale application of proton exchange
membrane fuel cells (PEMFCs).*8 Alternatively, alkaline polymer electrolyte fuel cells
(APEFCs) have attracted tremendous attention since they enable the use of non-precious
and earth-abundant materials as electrocatalysts, but they are only resistant to corrosion

10-13

in alkaline media. To lower the ORR overpotential in alkaline media, considerable

effort has been devoted to investigating and designing various non-precious metal

1623 and metal

catalysts, such as nitrogen-doped carbon,'#!> transition metal oxides,
oxynitrides/carbides.?*** Recently, Zhuang group, together with our effort, has reported
on an adenosine-derived Fe/N/C catalyst with atomic Fe-Njy catalytic sites. This material,
under the appropriate conditions, achieved a volume-specific activity comparable to
commercial Pt/C in rotating-disk electrode experiments and yield a high peak power

density above 450 mW/cm? in APEFC.!° Dai et al. substituted Co in Co3O4 with Mn to

form covalent hybrid spinel oxides, MnCo,04 loaded on N-doped reduced graphene
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oxide. Their material dramatically enhanced the ORR kinetics, which, they claimed, was
due to a covalent coupling effect between spinel oxide nanoparticles and the graphene
support.'®!7 Recently, we have reported on a synergistic Mn-Co spinel catalyst with a
significantly enhanced ORR activity, when compared to the monoxide counterparts.?! Li
et al. utilized a high-pressure pyrolysis process to encapsulate hollow spheres of iron
carbide nanoparticles in graphitic layers. The synthesized material exhibited promising
ORR activity and stability in both acidic and alkaline medias.?

Among all of those catalysts, spinel metal oxides represent one of the most promising
candidates, due to their high activity, long durability and low cost. Particularly, spinel
metal oxides containing Mn cations have demonstrated to be auspicious as ORR
electrocatalysts.!52} The electrocatalytic activity of Mn-containing spinel oxides is highly
dependent on the nominal content of Mn and structural variations. Several reports have
found that the ORR performance could be tuned, by progressively substituting Mn in
MnM3.x04 (M = Co, Fe or Cu) spinel oxides.?%28 Besides, CoxFesx04, with a cubic spinel
structure, has also achieved excellent electrocatalytic activity toward the ORR.?-30
Despite the substantial progress that has been achieved in the design of more active spinel
oxide catalysts, a detailed understanding of the mechanism of oxygen-reduction catalysis
using metal oxides remains elusive. Catalysts, normally characterized ex situ, may not
maintain the same catalytic properties as those under real-time electrochemical conditions,
which calls for in situ spectroscopy techniques to unveil/ identify the true electrocatalytic
sites for the ORR.?!

Herein, we have synthesized a series of manganese cobalt ferrite nanoparticles with the

spinel structure of Mnyx(CoFe»)yO4(x ranges from 0 to 1.2, described as MCF-x below).
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The materials with an optimized composition (MCF-0.8 when x=0.8), exhibits excellent
electrocatalytic performance, and remarkable durability after 10,000 CV cycles. A variety
of characterization tools, including powder XRD (X-ray diffraction), STEM (Scanning
transmission electron microscopy) imaging, electron energy loss spectroscopy (EELS)
elemental mapping, and energy dispersive spectroscopy (EDX) analysis have been
systematically utilized to examine the crystal structures, morphology and elemental
distribution at the atomic scale. Furthermore, in situ X-ray absorption spectroscopy (XAS)
studies have been carried out to track the changes in the local electronic structures under
both steady state and dynamic non-steady state conditions. These studies strongly suggest
that Mn and Co serve as synergistic electrocatalytic sites while Fe acts as a structurally

stabilizing element that contributes to the long-term durability of the MCF catalysts.

6.3 Experimental Section
6.3.1 Materials

Iron acetate (Fe(OAc)>), cobalt acetate tetrahydrate (Co(OAc)2:4H>0), manganese
acetate tetrahydrate (Mn(OAc)2-4H>0), sodium hydroxide (AR), ammonium hydroxide
(25 wt.%), nitric acid (HNO3, 70 wt.%) and Nafion (5 wt.%) were purchased from Sigma-
Aldrich. Carbon-supported Pt/C (20 wt.%) nanoparticles (NPs) were supplied by Johnson
Matthey. Carbon nanotubes were purchased from Carbon Nanotube Plus. All chemicals
were used as received without further purification, except carbon nanotubes, which were
treated by soaking in nitric acid overnight and washing eleven times with deionized water.

6.3.2 Material Synthesis

173



MCF nanoparticles, including CoFe;Os (MCF-0), Mng3(CoFe2)0.904 (MCF-0.3),
Mnyg.s(CoFe2)0.804(MCF-0.6), Mno g(CoFe2)0.7304 (MCF-0.8), Mni(CoFe2)0.6604 (MCF-1)
and Mn 2(CoFe2)0.604 (MCF-1.2) were prepared by a facile hydrothermal method. In a
typical synthesis, Fe(OAc) (0.25 mmol, 44 mg) and Co(OAc)2-4H>0 (0.125 mmol, 31
mg) were suspended in 20 mL deionized water, followed by sonicating and stirring for
15 mins, respectively. Then, 0.5 mL NH;-H>O was added dropwisely into the solution
under magnetic stirring for another 15 mins. A stoichiometric amount of
Mn(OAc)2-4H>0 was dissolved in 10 mL of deionized water, ultrasonicated for 10 mins,
and dropped into the Fe/Co precursor solution. The mixture suspension was maintained
at 60 °C in an oil bath for 20 hr with constant stirring, and was subsequently transferred
to a Teflon autoclave, at 130 °C for 3 hr. The resulting product was isolated by
centrifuging and washed with acetone and isopropanol for three times, respectively. The
as-synthesized nanoparticles were dried in an oven at 60 °C overnight and mixed with
carbon nanotubes to achieve a 40% mass loading of the metal oxides. The mixture was
homogenized by ball milling for 20 minutes. Finally, the carbon supported nanoparticles
were annealed under Ar at 500 °C for 2 hr.

6.3.3 Structural Characterizations

The crystal structure of all the synthesized NPs was confirmed by powder X-ray
diffraction (XRD) using a Rigaku Ultima IV Diffractometer. Diffraction patterns were
collected at a scan rate of 2° min™! at 0.02° steps from 20° to 80°. Scanning transmission
electron microscopy (STEM) images and elemental electron energy loss spectroscopy
(EELS) maps were acquired on a fifth-order aberration-corrected STEM (Cornell Nion

UltraSTEM) operated at 100 keV with a beam convergence semi-angle of 30 mrad. Sub-
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Angstrom spatial resolution is achievable under such operating conditions. STEM images
were processed using Richard-Lucy deconvolution (3 iterations) (Figure 6.1). EELS
spectral images were acquired with a 0.25 eV/channel energy dispersion in a Gatan
spectrometer with a size of 100x100 pixels and an acquisition time of 20 ms/pixel. The
Mn, Co and Fe elemental maps were extracted using their sharp L; edges from EELS
spectral images (Figure 6.2) and processed using principal component analysis (PCA, 3
components) and the linear combination of power law (LCPL) to subtract the background

in ImageJ software. The crystal models were generated using Crystal Maker software.
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Figure 6.1 STEM images process. (A-B) raw atomic-scale STEM images. (C-D) images
in (A-B) filtered by using the Richard-Lucy deconvolution (3 iterations). The
deconvolution was processed in Image] software assuming an Airy disk (100 kV,

omax=28 mrad) convolved with a 0.8 A Gaussian source.
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Figure 6.2 EELS spectrum of MCF-0.8 acquired from the particle shown in Figure 6.6A
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6.3.4 Electrochemical Characterization

Electrochemical measurements were performed in 1M NaOH on a Solartron
potentiostat. In all electrochemical measurements, 5 mg of the prepared catalyst was
mixed with 2 mL of 0.05 wt% Nafion/ethanol solution and subsequently sonicated for
approximately 30 minutes. 20 pL of the resulting catalyst ink were loaded onto a 5 mm
diameter glassy carbon (GC) electrode, achieving a metal oxide loading of 0.1 mg cm™,
followed by thermal evaporation of the solvent under infrared light. The mass loading of
Pt on GC was 25 pg cm2, a common value, for comparison in fuel cell tests.® A graphite
rod was used as the counter electrode and Ag/AgCl, in a 1M KCI solution, served as the
reference electrode. ORR measurements were carried out with a rotating disk electrode
(RDE) in oxygen-saturated 1M NaOH solution at room temperature (23 °C) (Bubbling
with Oz for 15 mins before scanning). All cyclic voltammetric profiles were obtained
between 0.15 V to 1.2 V vs. a reversible hydrogen electrode (RHE) at 5 mV/s in Ar-
saturated 1M NaOH. The ORR profiles were obtained at 5 mV/s and 1600 rpm after 50
CV cycles from 0.15 to 1.2 V at 50 mVs™! to remove the surface contamination and
activate the catalyst. The background capacitive current measured in Ar-saturated 1M
NaOH solution was subtracted to process and plot the ORR profiles. Durability tests were
carried out by continuously cycling the potential from 0.6 V to 1.0 V at 100 mV/s for
10,000 cycles. The ORR profiles after 10,000 cycles were measured in a fresh 1M NaOH
solution.
6.3.5 In situ X-ray Absorption Measurements

Mn, Co and Fe K-edge X-ray absorption near edge structure (XANES) spectra were

acquired at the F-3 beamline of the Cornell High Energy Synchrotron Source (CHESS)
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from 150 eV below the metal edge out to 550 eV above edge using nitrogen filled ion
chambers. XANES and EXAFS (extended X-ray absorption fine structure) spectra were
calibrated using metal foils and analyzed using the ATHENA software package.*! Fourier
transformed EXAFS spectra were plotted by applying Hanning window from 3 to 10 A-!
with k*-weighting and no phase correction. In sifu non-steady state results were obtained
by taking transmission measurements for two seconds at the chosen energy. A shutter
was used to minimized potential beam damage by blocking the X-ray beam for one
second in between data acquisition. Briefly, MCF-0.8 (40 wt. %) was dispersed in a
Nafion/ethanol (0.05 wt. %) solution. Carbon paper (190 um thick, Fuel Cell Store,
AvCarb MGL190) was cut into 1x5 cm? pieces and used as the catalyst support. The
catalyst-ionomer mixture was sprayed on one end of the carbon paper (1x1 cm?) with a
metal oxide mass loading of 6 mg/cm? using an airbrush and the rest, 1 x4 cm?, served as
a non-active conductor with negligible effects on the catalytic current.

As described in our previous cell design?! (Figure 6.3), the electrochemical cell
includes two pieces of Teflon, which is chemically inert in the strong base conditions of
IM NaOH saturated. A Teflon U-shaped sealing ring was placed between the two Teflon
pieces whose distance could be adjusted to make the electrolyte thickness less than 200
um. On top of the electrochemical cell, a Teflon cap with one gas inlet and another gas
outlet was used to bubble N> gas to minimize the influence of trace amounts of O during
electrochemical testing. Inside the electrochemical cell, the section of the carbon paper
with the catalyst layer was immersed into the electrolyte near the window for X-ray
transmission measurements. A carbon rod was used as the counter electrode (CE) and

placed near the working electrode (WE). Ag/AgCl (1M KCl) was used as the reference
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electrode (RE) and was placed (via a salt bridge) at the bottom of the cell so that the
distance between the WE and RE could be minimized. This, in turn, minimized the IR
drop during electrochemical testing. All three electrodes were connected to a potentiostat

(Biologic SP-200) during in-situ X-ray data acquisition.
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Figure 6.3 Schematic of the in situ XAS electrochemical cell. Working electrode (WE,
catalyst on carbon paper) and counter electrode (CE, carbon rod) were immersed in 1M
NaOH solution. Reference electrode (RE, Ag/AgCl in saturated KCI) was connected to
the cell by a salt bridge and the distance between the RE and the catalysts at the end of
the carbon paper was minimized to reduce IR drops caused by the resistance in the thin
electrolyte layer (< 200 pum) in the X-ray window. Details of the cell design and

operation was reported in our previous study’.
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6.4 Results and Discussion

A family of MCF was prepared using a facile hydrothermal method followed by a high-
temperature treatment. Their crystal structures were examined by powder XRD, as
presented in Figure 6.4. All of the prepared samples, named as CoFe2O4 (MCF-0),
Mno 3(CoFe2)0.904 (MCF-0.3), Mno.¢(CoFe2)0.804(MCF-0.6), Mno s(CoFe2)0.7304 (MCEF-
0.8), Mni(CoFe2)0.6604 (MCF-1), and Mnj 2(CoFe2)0.604 (MCF-1.2), possess cubic spinel
structures. The broad peak at around 25° in the XRD belongs to carbon, and the remaining
of diffraction peaks matched well with the standard cubic spinel CoFe;O4 (PDF # 01-077-
0426, a=b=c=8.401 A) and MnFe>O4 (PDF # 01-073-3820, a=b=c=8.498 A). There is a
progressive shift to lower 20 angle at higher Mn contents, corresponding to the gradual
substitution of Co and Fe by Mn with larger atomic size. The average domain size of all
MCEF samples, as estimated from XRD measurements, was found to be around 10-15 nm,
which is consistent with STEM images (Figure 6.5).

The crystal structure of Mngg(CoFe2)0.7304/C (MCF-0.8) with optimal activity was
further examined at the atomic scale using high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) imaging at 100 keV (Cornell Nion
UltraSTEM). Since CoFe;Os (a=8.401 A) shares a very similar cubic spinel crystal
structure to MnFe>O4 (a=8.498 A), the crystal structure of MCF-0.8 from STEM imaging
analysis can be built based on the structure of CoFe.O4 (PDF # 01-077-0426). Figures
6.6A-B present the atomic-scale lattice image of MCF-0.8 and the corresponding crystal

model viewed along the [112] zone axis. Two perpendicular d-spacings were measured

182



—
pa
—
™
~

: ~ :
i Mn, ,(CoFe,),¢0,/C M

f Mn,(CoFe,)pg0,/C  ——~ A

'I'l'.l'l

| [, T |
: 51 54 57 60 631 6
i Mn, g(CoFe; ), 730,/C 2 theta / degrees

i Ming ¢(CoFe,), s0,/C

Mn, 5(CoFe,), 40,/C

| MnFe,0, standard

------------------ CF OSt dd
- “ T N | CoFe,0, standar

: ||| Hh || :
20 30 40 50 60 70 80
2 theta / degrees

Figure 6.4 XRD patterns of as-synthesized MCF cubic spinel nanoparticles: CoFe2Oa,
Mnyg3(CoFe2)090s, Mnos(CoFe2)os0s, Mnos(CoFe2)0.7304, Mni(CoFe2)06604 and
Mn; 2(CoFe)o.604. The red and black vertical lines correspond to standard CoFe>O4 (PDF
# 01-077-0426) and MnFe>O4 (PDF # 01-073-3820) XRD patterns, respectively; inset

represents the enlarged region of the CoFe>O4 (440) diffraction peak.
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Figure 6.5 (A) STEM image of as-synthesized MCF-0.8 catalysts. (B) STEM image from
one region magnified in (A) (red dashed box), showing particles composed of smaller

sub-domains with domain sizes of around 15 nm.
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Figure 6.6 Atomic-scale HAADF-STEM images of MCF-0.8. (A-B) atomic-scale image
and the corresponding crystal model on the [112] zone axis. Two lattice d-spacings were
measured to be 4.9 and 3.0 A, which matched well with the theoretical values of (111),
4.85 A and (220), 2.97 A, respectively. Atom columns, a, at the corner of the lattice image,
exhibit a brighter intensity than atom columns, b, on the side, because a has higher atom

density than that of b and ¢ in the crystal model. Atom columns, ¢, at the center of the
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lattice image, are elongated in the (111) direction, which are actually composed of three
atom columns next to each other. (C) The crystal model on the [112] zone axis slightly
tilted to reveal the underneath atom columns. (D-E) Another atomic-scale image and the
corresponding crystal model on the [110] zone axis. Hexagonal repeating unit cells with
two nearby sides of 3.7 and 2.2 A were observed, which matched the theoretical values
of 3.66 and 2.15 A, respectively, in the crystal model. Atom columns, a, at the center of
the lattice image, exhibit a brighter intensity than that of columns b and ¢ on the side,
because a has a higher atom density than b and ¢. Atom columns, b and ¢ show little
difference in the image intensity, since they are Co and Fe atoms, with very similar atomic
numbers, 27 and 26, respectively. The crystal model was established based on the cubic
spinel structure of CoFe>O4. (F) The crystal model on the [110] zone axis was slightly

tilted to reveal the underneath atom columns.
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to be 4.9 and 3.0 A, well consistent with the theoretical (111), 4.85 A and (220), 2.97 A
lattice planes, respectively. Since the intensity of a HAADF-STEM image is proportional
to the atomic number (I o< Z!7), it is intriguing to observe in Figure 6.6A that atom
columns, a, at the corner, exhibit a higher intensity related to that of atom columns, b, on
the side, even though they are supposed to be the same element, according to the 2D
projected crystal model in Figure 6.6B. This apparent inconsistence can be resolved by
deliberately tilting the [112] zone axis (Figure 6.6C) to reveal the atom columns
underneath. Despite being the same element, atom columns, a, clearly have a higher atom
density than that of atom columns, b, resulting in a higher image intensity as observed in
Figure 6.6A. It is also observed that atom columns, ¢, at the center of the lattice image in
Figure 6.6A seem to be elongated in the (111) direction, which, in fact, corresponds to an
assembly of three atom columns next to each other. The distances among the three of
them are too short and beyond the spatial resolution of STEM images.

Figures 6.6D-E exhibit another atomic-scale lattice image of MCF-0.8 and the
corresponding crystal model on the more basic [110] zone axis. Hexagonal repeating unit
cells are indicated in the dashed boxes with two nearby sides of 3.7 and 2.2 A with an
angle of 125°, which are consistent with the theoretical values of 3.66 and 2.15 A,
respectively, with an angle of 126°. Similar to Figure 6.6A, atom columns, a, at the center
of the lattice image in Figure 6.6D, exhibit a higher intensity than that of atom columns,
b and ¢, on the side. The intensity variations also come from the fact that atom columns,
a, have higher atoms density than that of b and ¢, as shown in the tilted [110] zone axis
(Figure 6.6F). Noticeably, atom columns b and ¢, exhibit no significant difference in

image intensity, although they could be different element combinations, Co and Fe or Mn
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and Fe. Given that Mn, Fe and Co have very similar atomic numbers, the image intensity
variations are likely below the noise level threshold of the electron detector. In summary,
the aforementioned atomic-scale STEM imaging analysis directly visualized and
confirmed the cubic spinel crystal structure of MCF-0.8.

The chemical composition of MCF-0.8 nanoparticles was investigated using electron
energy loss spectroscopy (EELS) elemental mapping. Figure 6.7A shows a typical MCF-
0.8 nanoparticle composed of multiple sub-domains. The region in the dashed box was
magnified in Figure 6.7E to show the lattice image, which is on the [001] zone axis with
the perpendicular (220) and (220) lattice planes (3.1 A). Figures 6.7B-D present the EELS
elemental maps of Mn (red), Fe (green) and Co (blue) for the particle in Figure 6.7A.
Figures 6.7F-H show the composite EELS maps of Mn vs. Fe, Mn vs. Co and Fe vs. Co.
The composite EELS map of Mn vs. Fe suggests a homogenous elemental distribution in
which Mn and Fe are intimately mixed on a nearly atomic scale. The composite EELS
maps of Mn vs. Co and Fe vs. Co exhibit a relatively homogenous elemental distribution
with a local enrichment of Co at the edge of the particle. This EELS chemical mapping
study combined with the previous analysis of atomic-scale STEM images in Figure 6.6,
unambiguously demonstrate that MCF-0.8 has a cubic spinel crystal structure with a
relatively homogenous elemental distribution of Mn, Co and Fe.

The cyclic voltammetric profiles (CVs) of all MCF NPs, with different Mn content
were obtained in an Ar-saturated 1 M NaOH solution at a scan rate of 5 mV/s from 0.15
to 1.2 V vs. RHE, and all shown in Figure 6.8A. To identify the redox couples more

accurately, the CVs of MCF, together with CoFe>O4 and MnFe>O4 were investigated and
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Figure 6.7 EELS elemental maps of MCF-0.8. (A) HAADF-STEM image of a typical

nanoparticle composed of smaller sub-domains. The lattice image in the dashed box was
magnified in (E) to show (220) and (220) with same d-spacing values of 3.1 A on the
zone axis of [001]. (B-D) EELS elemental maps of Mn (red), Fe (green) and Co (blue),
respectively. (F-H) EELS elemental composite maps of Mn vs. Fe, Mn vs. Co and Fe vs.

Co, respectively.
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Figure 6.8 Electrocatalytic properties of as-synthesized MCF nanoparticles. (A) Cyclic
voltammetry (CV) profiles of synthesized MCF NPs in Ar-saturated 1 M NaOH solution,
scanned at a rate of 5 mV/s at room temperature. (B) ORR polarization curves in O»-
saturated 1 M NaOH at a scan rate of 5 mV/s and rotation at a rate of 1600 rpm. (C)
Comparison of mass activity and half-wave potential of different MCFs at 0.9 V vs. RHE.

(D) Polarization profiles of MCF-0.8 after 10,000 cycles of stability testing.
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Figure 6.9 Cyclic voltammetric profiles of CoFe2O4, MnFe;O4 and Mno g(CoFe2)O4 in

Ar-saturated 1M NaOH, at 5 mV/s scan rate.
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as presented in Figure 6.9. There are two redox couples in the 0.15-1.2V potential window
for all Mn-containing oxides. Mn exhibits two oxidative peaks in the positive potential
scanning direction, at around 0.68 and 0.91 V respectively, corresponding to the gradual
evolution from Mn (II) to higher valence states (Mn (IIL, IV)). Conversely, two reductive
peaks were observed at 0.72 and 0.6 V repeatedly indicating the conversion back to Mn
(II). Co (IIT) exhibited a single oxidative peak at around 0.97 V, which overlapped with
the more pronounced features from Mn. With increasing Mn and decreasing Co contents,
the first peak at higher potential shifts gradually from 0.97 to 0.91 V, which is consistent
with the compositional variation. No redox couples from Fe were observed in the CV
profiles, as its redox reactions typically occur at more negative potentials.?-33

Rotating disk electrode (RDE) voltammetry was employed to assess the ORR activity
of all MCF electrocatalysts. The polarization curves shown in Figure 6.8B were obtained
in I M Oz-saturated NaOH solution, at 5 mV/s and 1600 rpm. The half-wave potential
(E12) exhibited a correlation between the electrochemical activity and the Mn content
following the order of MCF-0 (0.84 V) < MCF-0.3 (0.868 V) < MCF-0.6 (0.875 V) <
MCF-1.2 (0.87 V) < MCF-1 (0.88 V) < MCF-0.8 (0.888 V), as shown in Figure 6.8C
(right Y-axis). With increased Mn content, the kinetics were enhanced at first, and then
decreased to higher Mn content, with an optimal performance at MCF-0.8, suggesting a
“volcano trend”. The mass-specific activity (MA) of the MCFs at 0.9 V was calculated
by normalizing the kinetic current to the catalyst mass from the Koutecky—Levich
equation,** (Figure 6.8C, left Y-axis). MCF-0.8 exhibited the highest MA value of 7.25
mA mgoxide!, outperforming its counterparts with other Mn contents. To gain further

insight into the long-term durability of MCF-0.8, a stability test was carried in Ar-
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saturated 1M NaOH solution for 6,000 and 10,000 cycles between 0.6 to 1.0 V, the typical
working potential region of APEFCs.!! There was a progressive negative shift in the
polarization curve after 6,000 and 10,000 cycles and the diffusion limiting current
decreased slightly, especially in the high polarization region. The degradation of the
electrocatalysts after 10,000 cycles was ascribed to the loss of active material upon
extended cycling. This was further confirmed by comparing the CV profiles before and
after potential cycles (Figure 6.10), where the Mn/Co redox peaks gradually faded and
broadened as an indication of losing Mn and Co active sites in addition to possible particle
aggregation. Despite this minor degradation after durability testing, the MCF-0.8 still
exhibited a remarkable ORR electrocatalytic activity, with an E12 of 0.874 V and AE1»»
of only 14 mV (Figure 6.8D).

To further understand the degradation mechanism(s), STEM imaging and EDX
spectroscopy were employed to investigate the structural and chemical evolution after
cycling. As shown in Figure 6.11, a STEM image of MCF-0.8 nanoparticles, after
electrochemical cycles, clearly indicated particle aggregation/coalescence when
compared to the as-synthesized MCF-0.8 in Figure 6.5. STEM-EDX was used to
quantitatively analyze the relative amounts of Co, Fe and Mn before and after
electrochemical cycles. Relative amounts of Co, Fe and Mn were calculated from the
EDX spectra, where the intensity of Fe was normalized to 1 for comparison (Figure 6.12).
It is clear that the Mn loss is nearly 50%, relative to its original content, Co lost around
30%, while the Fe content was stable during the cycling process. The quantitative results
are shown in Tables 6.1-3. The relative atomic percentages of as synthesized MCF-0.8

were 29.2, 23.8 and 47.0 % for Mn, Co and Fe, respectively, which is quite consistent
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Figure 6.10 Cyclic voltammetric profiles between 0.15 to 1.2V of MCF-0.8
(Mng 3(CoFe2)0.7304) in Ar-saturated 1M NaOH, at 5 mV/s scan rate. The black line is the
initial CV, and the red and blue lines are after stability testing of 6,000 and 10,000 cycles,

respectively, at 100 mV/s between 0.6 to 1.0 V vs. RHE.
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Figure 6.11 STEM image of MCF-0.8 catalyst after 10,000 electrochemical cycles. The
observed particle aggregation is likely responsible, at least input, for the degradation in

electrochemical activity.
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Figure 6.12 EDX spectra of MCF-0.8 before and after electrochemical cycles. The X-ray
intensities were normalized to the value of Fe Ka edge for comparisons. It should be
noted that the Mn major Ka edge is at 5.89 keV and the Mn minor Kf edge at 6.49 keV
overlaps with Fe’s major Ka edge(6.40 keV). Fe’s minor K3 edge at 7.05 keV overlaps
with Co’s major Ka edge at 6.93 keV, which explains why Fe and Co peaks have small

shoulder peaks on the right side of their peaks.
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MCF 0.8 Mn at.% Co at.% Fe at.%

As-synthesized 29.2 23.8 47.0

After CV cycles 20.2 18.3 61.5

Table 6.1 EDX quantitative analysis of MCF 0.8 catalysts before and after
electrochemical cycles. Relative amounts of Mn, Co and Fe are average results from
seven different regions in EDX measurements. The relative error using one standard
deviation (Sd) was estimated to around 1 at.%. Accurate calculations of relative contents
of Mn, Co and Fe were discussed as below.

Based on the Cliff-Lorimer thin-film criterion,* if the sample is assumed to be a thin
foil so that the X-ray absorption or fluorescence can be safely ignored, the elemental

concentration of two elements can be proportional to the X-ray intensity ratio (peak
. c1 I .
integral): o= ki > where k12 is a constant.

Mn, Co and Fe relative contents were calculated by integrating their K edge peaks and

taking into account their k-factors. The results were summarized in the following table.

MCF 0.8 Mn at.% Co at.% Fe at.%
As-synthesized 26.4 28.2 45.4
After CV cycles 18.3 23.8 57.9

Table 6.2 EDX quantitative analysis of MCF 0.8 catalysts before and after
electrochemical cycles without considering the overlap between Mn K3 and Fe Ko and

between Fe Kf and Co Ka.
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Considering Mn Kf overlaps with Fe Ka and Fe KB overlaps with Co Ka, the above
table overestimates the relative contributions of Fe and Co. The intensity ratio of KB/Ka
is 17/150 for Mn, Co and Fe.> Assuming the actual relative contents of Mn, Fe and Co
are x at.%, y at.% and z at.%, three following equations were set to solve the actual

relative contents.

l.x+y+z=100

174
TsoXtY 454

2.
x 26.4
A7 o4
3 5oV tZ_ 282
oy 45.4

Solving equations results in the actual relative contents of Mn (29.2 at.%), Co (23.8
at.%) and Fe (47.0%), which is more consistent with the ideal relative contents of Mn
(26.7% at.%), Co (24.3 at.%) and Fe (48.6 at.%) in Mnog(CoFe2)0.7304 catalysts
(MCF _0.8). The actual relative contents of MCF 0.8 after electrochemical cycles were
also calculated using the same strategy and summarized in the following table together

with that of as-synthesized MCF _0.8.

MCF 0.8 Mn at.% Co at.% Fe at.%
As-synthesized 29.2 23.8 47.0
After CV cycles 20.2 18.3 61.5
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Table 6.3 More accurate EDX quantitative analysis of MCF 0.8 catalysts before and
after electrochemical cycles after considering the overlap between Mn Kf3 and Fe Ka and

between Fe Kf and Co Ka.
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with the theoretical ratio of reactants of 27, 24 and 49 %. After electrochemical cycling,
the relative amounts of Mn and Co dropped from 29.2 to 20.2 % and from 23.8 to 18.3 %,
respectively, while the content of Fe increased from 47.0 to 61.5 %.

The superior ORR activity and durability of the trimetallic oxide MCF-0.8 over both
CoFe204/C and MnFe204/C, suggest that the underlying catalytic mechanism involves
multiple metal active sites catalyzing the reduction of oxygen. /n situ synchrotron-based
XAS was employed to investigate the catalytic mechanism of MCF-0.8 under real-time
electrochemical conditions. We have designed a customized electrochemical cell for in
situ XAS measurements in our previous report>!. The cell consisted of a working
electrode of a MCF-0.8 catalyst loaded on porous carbon paper, a Ag/AgCl (1M KCI)
reference electrode and a carbon rod counter electrode. Details of the cell design can be
found in Figure 6.3. To investigate the structural evolution of the Co-Mn oxide catalysts
at steady state, the applied potential was held constant while in situ XAS spectra were
acquired, after the current had dropped to background levels. According to the CV profile
of the catalysts at a scan rate of 1 mV/s in the home-made cell (Figure 6.13A, inset),
constant applied electrochemical potentials (£) of 1.2 V, 1.0 V and 0.8 V vs. RHE
correspond to the oxidation peak and its two onset potentials while values of 0.8 V, 0.6
V and 0.4 V vs. RHE correspond to the reduction peak and its two onset potentials. £
value of 0.2 V vs. RHE was also included to investigate the electrochemical behavior of
MCF-0.8 in a strongly reducing environment. Figure 6.13A exhibits the in situ XANES
spectra of the Mn K-edge of MCF-0.8 at various applied potentials, suggesting systematic
changes in the local electronic structure. Mn XANES spectra were calibrated, based on

the characteristic absorption edge of elemental Mn (metal foil) at 6539.0 eV, which
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Figure 6.13 /n situ XANES spectra of the Mn, Co and Fe K-edges of MCF-0.8 and the

evolution of the average metal valence and metal-oxygen atomic distance at a series of

applied potentials. (A) In situ XANES spectra at the Mn K-edge of the MCF-0.8 (solid

lines) and the reference manganese oxides (dashed lines). Inset shows the selected applied

potential from the CV profile at a scan rate of 1mV/s in the home-made electrochemical

cell at which signals were detected. (B) In situ XANES spectra at the Co K-edge of the

MCF-0.8 (solid lines) and the reference cobalt oxides (dashed lines). Inset shows the

gradual shift of the Co K-edge to lower photon energies with changing in intensity. (C)
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In situ XANES spectra at the Fe K-edge of the MCF-0.8 (solid lines) and the reference
iron oxides (dashed lines). Inset shows the incremental shift of Fe K-edge to lower photon
energies with a change in intensity. (D) Calculated average metal valence (solid lines, left
Y-axis) as a function of potential based on the linear combination fitting using XANES
spectra of reference metal oxides. Measured metal-oxygen (M-O) atomic distance as a

function of potential (dashed lines, right Y-axis) based on the in situ EXAFS analysis.

202



corresponds to the excitation of electrons from the Mn 1s orbital. The white line in these
Mn spectra, near 6559 eV, originates from an electronic transition from 1s to 4p orbitals,
since the 4p are the lowest allowed unoccupied orbitals of 3d transition metals based on
the dipole selection rule, Al=+1. The shoulder peak at 6553 eV shows a gradual increase
in the peak intensity and a small shift to lower energies when the applied potential
decreases from 1.2 to 0.2 V, indicating a lower Mn valence state at more negative
potentials. More specifically, this peak at 6553 eV exhibited no significant changes when
the potential varies from 1.2 to 0.8 V and became pronounced when E decreased from
0.8 to 0.6 V. When the potential was below 0.4V, it became more prominent and similar
to the feature in the MnO (II) reference, qualitatively suggesting a larger contribution
from a lower-valence Mn.

In order to study the gradual changes in the Mn valence more quantitatively, linear
combination fitting (LCF) analysis was performed using pure manganese oxides, MnO
(IT), Mn304 (11, III), Mn20O3 (IIT) and MnO: (IV) as reference spectra. As shown in Figure
6.14, the LCF fits well the experimental Mn XANES spectra and enables the reliable
calculation of the relative contributions in of the different Mn oxide references. Figure
6.14B further demonstrates the evolution of the relative contents of Mn oxide references
as E varies from 1.2 to 0.2 V, as derived from the LCF analysis. When E decreased from
1.2 V to 0.8V, the relative contents of different metal oxides remained relatively
unchanged, corresponding to the little change in the XANES spectra (Figure 6.13A).
When E continues to decrease from 0.8 V to 0.2 V, the relative contents of MnO; (IV)

and Mn>Os3 (III) quickly dropped from 7%, 10%, respectively, to nearly 0 % and the
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relative contents of Mn3Oy4 (11, IIT) dropped from 60% to 35%. Concomitantly, the relative

contents of
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Figure 6.14 (A) Valence analysis of Mn K-edge at 1.2 V vs. RHE. Linear combination
fitting (LCF) (red dashed line) indicates the relative content of MnO (22%), Mn304 (56%),
Mn>03 (8.1%) and MnO» (14%) at 1.2 V. This LCF has a small R-factor of 0.00276 and
reduced y? of 0.000710, indicating a good fitting quality. (B) Average Mn valence at a
series of applied potential, which was calculated from the relative contribution of four
manganese oxide references. (C) Valence analysis of Co K-edge at 1.2 V. Linear
combination fitting (LCF) (red dashed line) indicates the relative content of CoO (75.5%)),
C0304 (0%) and Co0203 (24.5%) at 1.2 V. This LCF has a small R-factor of 0.0179 and

reduced y? of 0.00517, indicating a reasonable fitting quality. (D) Average Co valence at
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a series of applied potential, which was calculated from the relative contribution of three
cobalt oxide references.

MnO (II) increased dramatically from 23% to 65%, corresponding to the more dominant
features of MnO (II) in XANES spectra of MCF-0.8 at lower potentials. The calculated
average valence of Mn decreased substantially and continuously from 2.58 to 2.23 when
E decreased from 1.2 t0 0.2 V, as shown in Figure 6.14B (green line). A lower Mn valence
at lower applied potentials would suggest a longer Mn-O chemical bond and weaker
binding strength to oxygen, which are clearly confirmed by the corresponding in situ
EXAFS spectra in Figure 6.15A. The Mn-O atomic distance increased continuously from
1.31 to 1.61 A when E decreased from 1.2 to 0.2 V, as shown in Figure 6.15A (black
dashed line). This systematic evolution of the Mn valence and the M-O atomic distance
strongly indicate that various Mn species can serve as the active site to catalyze the
oxygen reduction reaction.

Co K-edge XANES spectra exhibited similar changes to those of Mn in the MCF-0.8
electrocatalyst. (Figure 6.13B). Co XANES spectra were calibrated based on the
characteristic absorption edge of elemental Co (metal foil) at 7709.0 eV. The in situ Co
XANES spectra and the magnified inset in Figure 6.13B, exhibit a gradual increase in the
peak intensity at around 7725 eV, and a continuous shift to lower energies when E
decreased from 1.2 to 0.2 V, indicating lower Co valences at lower applied potentials.
The absorption edge of Co had the most significant changes when E dropped from 0.8 to
0.6 V, indicating an abrupt change in its oxidation state and electronic environment. LCF
analysis was also employed to quantitatively study the Co valence with CoO (II), Co304

(IL, IIT) and CoOOH (I1I) as cobalt oxide references (Figure 6.14C). When E varied from
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1.2 V to 0.6 V, the relative contents of CoOOOH decreased from 24% to nearly 0% while
that of CoO increased from 76% to nearly 100%, corresponding to the abrupt change in
XANES spectra in Figure 6.13B. The XANES spectra of Co remained essentially
unchanged with 100 % CoO when the applied E further was decreased from 0.6 to 0.2 V.
In contrast to changes of relative contents of Mn3Os, the relative contents of Co3O4 were
calculated to be consistently zero at various potentials, suggesting a negligible
contribution from Co0304. The calculated average valence of Co decreased from 2.246 to
2.0 when E varied from 1.2 to 0.6 V, and stayed at 2.0 from 0.6 to 0.2V, as shown in
Figure 6.14D (green line). In situ EXAFS of Co further revealed that the Co-O atomic
distance gradually became longer, from 1.45 to 1.60 A, when E shifted from 1.2 t0 0.2 V,
as shown in Figure 6.15B (black dashed line). This is consistent with the lower Co valence
at lower applied potentials, suggesting a weaker Co binding strength to oxygen. Although
the gradual evolution of the average Co valence and Co-O atomic distance at various
applied potentials were less pronounced than for Mn, the changes in the valence state of
Co and Mn shared a similar pattern, suggesting that Co and Mn could serve as co-active
sites to catalyze the reduction of oxygen.

Contrary to Co and Mn, the in situ XANES of Fe at the K-edge indicated no significant
changes during the entire potential range from 1.2 to 0.2 V (Figure 6.13C). The magnified
inset exhibits a small increase in the peak intensity at around 7131 eV and a slight shift
to lower energies. Further LCF analysis of the Fe valence suggests a 100% contribution
from Fe;Os (IIT) at 1.2 V (Figure 6.16). The Fe valence remained unchanged over the
entire £ range, from 1.2 to 0.2 V, when considering the small statistical error of the LCF

analysis (reduced y2 < 0.001). The in situ EXAFS spectra around the Fe K-edge in Figure
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16 suggest that the Fe-O atomic distance remained relatively stable at 1.43 A with no
more than + 0.05 A variation when E decreased from 1.2 to 0.2 V. Given the above
analysis of the average Fe valence and the Fe-O inter atomic distance, unlike Co and Mn,
the local electronic structure of Fe stays relatively unchanged over a wide potential range
from 1.2 to 0.2 V, indicating that Fe can serve as a “stabilizing agent” in MCF-0.8, and
at least in part, contribute to the remarkable durability of MCF-0.8 even after 10,000
electrochemical cycles.

Figure 6.13D serves as a compact summary of the dynamic evolution of average metal
valence (solid lines, left Y-axis) and metal-oxygen (M-O) inter atomic-distance (dashed
lines, right Y-axis) at various applied potentials. The average Mn and Co valences share
a similar decreasing trend at lower applied potentials (red and green solid lines), but some
differences in the details can be noted. The Mn-O distance continuously and dramatically
decreased from 2.581 to 2.233 A while the Co-O distance decreased from 2.246 to 2.000
A when E varied from 1.2 to 0.6 V and remained at 2.000 A even when E was below 0.6
V. Considering that the typical working voltages of the membrane electrode assembly
(MEA) in alkaline fuel cells are from 0.6 to 1.0 V,!! the dynamic changes of the valence
of Mn and Co suggested that both could serve as active sites and catalyze the reduction
of oxygen. The Mn-O atomic distance increased at lower potentials which is consistent
with the decrease of Mn valence at lower potentials, suggesting a weaker binding energy
of Mn towards oxygen. Changes of the Co-O inter atomic distance followed a similar
pattern through with less pronounced changes than for Mn at various potentials (dashed
green line). The Co-O inter atomic distance continuously increased when £ was below

0.6V while the Co valence mainly remained at 2.0, indicating that other factors in the
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electronic structure and local chemical environment may also influence the binding

energy of Co towards oxygen. The lack of significant changes in the Fe valence and the
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Figure 6.15. In situ EXAFS of Mn (A) and Co (B) at a series of applied potential. The
Metal-oxygen (M-O) bond distance increases as the applied potential decreased from 1.2
to 0.2 V, corresponding to a lower metal valence and weaker binding strength to oxygen.
EXFAS spectra were processed by setting the background value (Rbkg) to 1.2 in Athena

software with the FT-window set to 3 to 10 A" and no phase correction.
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Figure 6.16 Valence analysis of Fe K-edge at 1.2 V. Linear combination fitting (LCF)
(red dashed line) indicates the relative content of FeO (0%), Fe3sO4 (0%) Fe2O3 (100%) at
1.2 V. This LCF has a small R-factor of 0.00317 and reduced x? of 0.000922, indicating
a good fitting quality. The Fe valence is thus +3 and stays the same when E decreases

from 1.2 to 0.2 V, based on the LCF analysis.
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Fe-O inter atomic distance (solid and dashed blue lines) suggest that Fe could serve as a
stabilizing core element to maintain the integrity of the spinel structure and enhance the
long-term durability.

We investigated the evolution of the local electronic structures of Mn, Co and Fe using
in situ XANES and EXAFS under steady state, constant applied potential conditions. We
then explored the dynamic changes in the valence state of the metal active sites during
cyclic voltammetry (CV). Such experiments require a non-conventional strategy to enable
fast recording of absorption differences, of transmitted X-rays, down to the level of
seconds, so as to enable following the relatively potential fast changes during CV. This
strategy was first reported in our previous study?! and employed in this work to enable
understanding the synergistic effects of the multi-active sites in MCF-0.8. Instead of
acquiring a full XAS spectrum over a time long period (20-30 min). The absorbed X-ray
intensity variations were recorded within seconds, at a characteristic energy where the
largest changes in the intensity of absorption occurred in the above mentioned steady-
state measurements (Figure 6.13A). The X-ray absorption intensity was calculated as
In(l1/I;) where 11 and I, are the incident and transmitted X-ray beam intensities,
respectively. In this particular case, the characteristic energy values of Mn, Co and Fe
were determined to be 6553, 7225 and 7131 eV, respectively. A scan rate of ImV/s,
combined with a X-ray acquisition time of 3s, indicates that the X-ray signal will be
averaged over a 3mV potential range, closely approximating to non-steady (dynamic)

measurements. From the CV profile at 1 mV/s in the upper inset of Figure 6.17, we
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observed that the oxidation currents (positive values) and the reduction currents (negative
values) were divided by two boundary potentials, 1.12 and 0.28V. One would expect that
the oxidation/reduction currents will reflect metal active sites being converted into
higher/lower valence states, and that a periodic change of the metal valence will follow
the triangular potential scan (vide infra).

Figure 6.17 reveals the periodic changes in the relative X-ray intensity, /n(1;/I;), as a
cyclic potential scan is applied. When the applied potential starts at the upper boundary
value, 1.12 V and is scanned to the lower limit, 0.15 V, the relative X-ray intensity of Mn
increases dramatically, and keeps increasing to the maximum intensity until the potential
passes the lower limit, 0.15 V and reaches the lower boundary potential, 0.28 V. Higher
X-ray intensities, as shown in Figure 6.13A, indicate higher contents of lower Mn valence
since the selected energy is closer to the Mn (II) white line energy. The processes from
1.12 to 0.28 'V represent the conversion from Mn (III, IV) to Mn (II, III). Symmetrically,
when the potential varies from the lower boundary potential, 0.28 V to the upper limit,
1.2 V, the X-ray intensity keeps decreasing to the minimum values until the potential first
passes the upper limit, 1.2 V and reaches the upper boundary potential, 1.12 V. The
processes from 0.28 V to 1.12 V represent for the conversion from Mn (I, I1I) to Mn (111,
IV). Mn valences change in a periodic fashion in the subsequent two cyclic potential scans.
This is fully consistent with the boundary potentials (0.28 V, 1.12 V) of oxidation and
reduction currents in the CV discussed before, unveiling a real-time glimpse of an

intriguing electrocatalytic mechanism of Mn active sites in MCF-0.8.
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Compared to the changes of Mn, the relative X-ray intensity of Co at 7225 eV also
increases as the potential drops from 1.12 V, but reaches a relatively stable plateau at

around 0.6 V, which is consistent with the dramatic changes in the Co XANES spectra
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Figure 6.17 Periodic changes of the relative X-ray intensities (/n(/;/12)) at 6553 eV (Mn
K-edge, red lines), 7225 eV (Co K-edge, green lines) and 7131 eV (Fe K-edge, blue lines),
respectively, as a function of the cyclic potential sweep at 1 mV/s from 1.2 to 0.15 V vs.
RHE. Intensity variations at 6553, 7225 and 7131 eV reflect the conversion among
Mn(1V), Mn(Ill) and Mn(Il), between Co(IIl) and Co (II), and Fe(Ill) and Fe(Il),
respectively. Relative X-ray intensity increases, suggesting a conversion of the metal
from higher valence to lower valence as the applied potential goes from 1.2 to 0.15 V,
and reach a maximum value at 0.28 V. Concomitantly, the relative X-ray intensity

decreased as the applied potential goes from 0.15 to 1.2 V and reach a maximum value at
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1.12 V. The upper inset shows the corresponding CV at 1 mV/s over the potential range
of 0.15-1.2 V vs. RHE. Oxidation and reduction currents in the CV are divided by two
boundary potentials, 0.28V and 1.12 V vs. RHE.
from 1.2 to 0.6 V with little, if any, changes below 0.6 V (Figure 6.14B). During the
cyclic potential scan, the periodic behavior of the relative X-ray intensity of Co
correspond to the reversible conversion between Co(III) at high E to Co(Il) at lower E. In
sharp contrast to the patterns of Mn and Co, the relative X-ray intensity of Fe at 7131 eV,
remains essentially unchanged during the cyclic potential scan, suggesting no significant
changes in the Fe valence. A smaller X-ray intensity variation of Fe evident at very
negative potentials at around 0.15~0.28 V may suggest a slight reduction from Fe(III) to
Fe(II), which is consistent with the incremental increase in the X-ray intensity of the Fe
K-edge XANES (Figure 6.14C). Such a small conversion from Fe(III) to Fe(I) may not
be revealed in the change of Fe valence, considering the statistical error of LCF analysis.
The relative changing X-ray intensities of Mn, Co and Fe following repeating patterns
during three continuous cyclic potential scans, suggest a reproducible and stable
electrochemical behavior of the three metal active sites under electrochemical operating
conditions. To rigorously exclude other factors, such as X-ray generated photoelectrons,
which may result in periodic patterns of X-ray intensity variations, a control experiment
was performed by recording the X-ray signal without an applied potential. A stable
background in the X-ray intensity indicates that the periodic changes of Mn and Co
valences primarily arise from the applied cyclic potential scan. In summary, the periodic
patterns of Mn and Co valence changes in MCF-0.8 are in sync with each other, which

strongly suggests a synergistic effect existing between Mn and Co for the electrocatalysis
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towards the reduction of oxygen. Fe, in contrast, maintains a stable electronic structure

and serves as a supportive core element, which may contribute to the long-term durability.

6.5 Conclusion

In summary, a new class of MCF nanoparticle electrocatalysts for the ORR have been
rationally designed and prepared via hydrothermal reaction and subsequent heat treatment.

3

Their electrochemical activity demonstrates a “volcano trend” correlation with
continuously increasing Mn content. The MCF-0.8, had the most active composition,
exhibiting an ORR activity with a Ei» of 0.89 V, nearly same as Pt/C and a robust
durability with a AE12 of 0.014 V after 10,000 potential cycles. A thorough mechanistic
picture emerged from the in situ XAS experiment, suggesting that the Mn and Co cations
serve as the active sites, with Fe stabilizing the spinel oxide structure. Additionally, the
comprehensive STEM-EDX quantitative analysis provided additional evidence of the
synergistic effect towards the oxygen reduction reaction, and possible explanations for
the degradation process. The work outlined here shed light on the strategic design of

trimetallic spinel oxides as ORR electrocatalysts in alkaline fuel cells and advance our

understanding of the catalytic mechanism using operando spectroscopic methods.
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CHAPTER 7

MOF-DERIVED CO-FE BIMETALLIC OXYGEN REDUCTION

ELECTROCATALYSTS FOR ALKALINE FUEL CELLS

Reproduced from J. Am. Chem. Soc.2019, 141 (27) 10744-10750
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7.1 Abstract

The oxygen reduction reaction (ORR) is considered the cornerstone for regenerative
energy conversion devices involving fuel cells and electrolyzers. The development of
non-precious-metal electrocatalysts is of paramount importance for their large-scale
commercialization. Here, Co-Fe binary alloy embedded bimetallic organic frameworks
(BMOF)s based on carbon nanocomposites have been designed with a compositionally
optimized template, by a facile host-guest strategy, for the ORR in alkaline media. The
electrocatalyst exhibits promising electrocatalytic activity for the ORR with a half-wave
potential of 0.89 V in 0.1 M NaOH; comparable to state-of-the-art Pt/C electrocatalysts.
More importantly, it exhibits robust durability after 30,000 potential cycles. Scanning
transmission electron microscopy (STEM) and quantitative energy-dispersive X-ray
(EDX) spectroscopy suggest that the Co-Fe alloy nanoparticles have a homogenous
elemental distribution of Co and Fe at the atomic-scale with optimized BMOF and Co/Fe
ratio of 9:1. The long-term durability is attributed to its ability to maintain its structural
and compositional integrity after the cycling process, as evidenced by STEM-EDX
analysis. This work provides valuable insights into the design and fabrication of novel

PGM-free highly active ORR electrocatalysts in alkaline media.

7.2 Introduction
The continuing consumption of non-renewable fossil fuels and increased aspiration for
a global sustainable energy technology landscape, has stimulated the development of

HOVCI fuel cell technologies Error! Reference source not found.-Error! Reference source not found. The

regenerative energy conversion concept, targeting low-carbon or carbon-free fuels, makes
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it a promising approach to lower CO, emissions.>* The challenge to accelerate the
sluggish oxygen reduction reaction (ORR) at the cathode in fuel cell applications, will
require novel materials and architectures. Platinum-group-metals (PGM) based materials
are still considered to be the state-of-the-art electrocatalysts towards the ORR.>” However,
their large-scale application in fuel cells is still precluded by cost and limited stability.®*
Thus, there is a clear need to design and develop cost effective alternatives with high
electrocatalytic activity and robust long-term stability. Alkaline polymer electrolyte fuel
cells (APEFCs) have attracted a great deal of interest in the recent past because they can
enable the use of non-precious metals as electrocatalysts for the ORR.!? In this context,
extensive investigations have focused on non-PGM materials, including transition metal

oxide!!-18

, ranging from monometallic to trimetallic oxides, and PGM-free nitrogen
doped carbon materials.'®! Dai and co-workers have reported on Mn-Co oxides loaded
on N-doped reduced graphene oxide, which significantly enhanced the electrocatalytic
activity by the covalent coupling effect between the support and the oxide nanoparticles.??
Yang et al. studied perovskite-based oxides, applying them for both oxygen reduction and
evolution reactions.?* Zelenay and Dodelet have utilized nitrogen-containing organic
molecules incorporating earth-abundant Co or Fe, to prepare metal-nitrogen-carbon (M-
N-C) materials through high-temperature pyrolysis. The resulting materials have
exhibited promising performance in membrane electrode assemblies (MEAs), providing
further impetus to the industrial application of PGM-free electrocatalyst materials. 2427

Furthermore, Lu et al., Peng et al. and Sa et al. have fabricated a variety of non-PGM

catalysts, including carbonaceous materi-al derived from halloysite, CoOx nanohybrids
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and Fe, N doped carbon materials, respectively. They are adapted in APEFCs and
demonstrated excellent performance.?$-3°

Recently, metal organic frameworks (MOFs), (containing metal centers and organic
linkers), have generated a great deal of attention as scaffolds and precursors for novel
families of carbon nanocomposites.3!-32 As representatives of MOFs, zeolitic imidazolate
frameworks (ZIFs) such as ZIF-67 and ZIF-8, with available metal centers and highly
abundant carbon and nitrogen, have emerged as promising precursors as
electrocatalysts.*3-3* The nitrogen species can bond to non-noble-metal nanoparticles as a
means to yield N-doped carbon materials.®>> Nitrogen atoms can generate positively
charged sites that are conducive to Oz adsorption or splitting, which is believed to help
expedite the kinetics of the oxygen reduction reaction.’3” There have been numerous
reports on these context. Lou et al. employed ZIF-67 to produce porous hollow carbon
polyhedra, comprised of N-doped carbon nanotubes (CNTs), as bifunctional
electrocatalysts towards the ORR and OER.*® Song et al. used ZIF-8 as a sacrificial
framework that was pyrolyzed and activated with NH; for optimized N
configuration/doping to boost electrocatalytic activity.?® ZIF-67-derived materials feature
N-doped mesoporous graphitic carbon with a stable structure, as well as high electronic
conductivity and Co decoration for the generation of active sites. ZIF-8 provides a hollow
framework with high surface area, promoting rapid diffusion kinetics during
electrocatalysis. Jiang and coworkers, Su and coworkers and others, have employed
bimetallic mixtures of ZIF-67 and ZIF-8 as templates, further doped with phosphate
anions, to fabricate electrocatalytically active nanocarbon materials after pyrolysis in

Ar 40-41
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7.3 Experimental Section
7.3.1 Materials

Zinc nitrate (Zn(NO3)2-6H20), cobalt nitrate (Co(NOs3)>-6H20), 2-methylimidazole, 1-
methylimidazole, sodium hydroxide (AR), sulfuric acid, methanol, ethanol, hexane and
Nafion (5 wt.%) were purchased from Sigma-Aldrich. Carbon-supported Pt/C (20 wt.%)
nanoparticles (NPs) were supplied by Johnson Matthey. All chemicals were used as
received without further purification.
7.3.2 Synthesis of BMOFs Zn.Coy Derived Carbon Materials

In a typical synthesis, a mixture of Co(NO;3)2'6H2O and zinc nitrate hexahydrate
(Zn(NO3)2:6H>0) with different molar ratios of Co?"/Zn** was dissolved in a mixed
solvent of 40 mL ethanol and 40 mL methanol, where the total molar amounts of Zn and
Co were 6 mmol with stoichiometric number represented by x and y in moles. Another
mixture of 2-methylimidazole (1.97 g) and I-methylimidazole (0.97 g) with 40 mL
methanol and 40 mL ethanol was then added under magnetic stirring. The solution was
kept static for 48 h at room temperature. The formed precipitate was collected by
centrifugation, washed with isopropanol and dried in an oven at 60 °C. The as-synthesized
BMOF particles were dispersed in a ceramic boat and heated in flowing forming gas (5%
Haz, 95% N3). The temperature of the furnace was first adjusted to 300 °C over 1.5 h and
further ramped up to 800 °C at 5 °C/min and held there for an additional 2 h. The furnace
was subsequently turned off and the system allowed to cool. The carbon materials that

remained were treated in 0.5 M sulfuric acid solution for 10 h. The resulting samples were
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collected by centrifugation, repeatedly washed with DI water until neutral and dried at 60
°C.
7.3.3 Synthesis of BMOF_ ZnsCo_ Fe Derived Carbon Materials

150 mg of agglomerated crystals of BMOF_ ZnsCo were suspended in 20 mL hexane
and sonicated for 1 h. Then 2 mL of Fe(acac); (2 mg/mL) were added in a dropwise
fashion while magnetically stirring. The suspension was sonicated for 1 h and stirred at
room temperature for 12 h. The impregnated BMOF ZnsCo Fe sample was centrifuged
and dried overnight. The resulting powder sample was treated with the same thermal and
acid treatments as mentioned above and dried at 600 °C for 1 h.
7.3.4 Structural Characterizations

The crystal structures of all the synthesized BMOF related materials were confirmed
by powder X-ray diffraction (XRD) using a Rigaku Ultima I'V Diffractometer. Diffraction
patterns were collected at a scan rate of 2° min! at 0.02° steps from 10 to 80° two theta.
The N sorption isotherms were collected using a Micromeritics ASAP 2020 system at
liquid-nitrogen temperature. Raman spectra are collected using a Renishaw System 1000
micro-Raman spectroscope (Renishaw). Morphologies were characterized by a field-
emission scanning electron microscopy (Zeiss Gemini 500, 0.75 eV). Scanning
transmission electron microscopy (STEM) images and elemental electron energy loss
spectroscopy (EELS) maps were acquired on a fifth-order aberration-corrected STEM
(Cornell Nion UltraSTEM) operated at 100 keV with a beam convergence angle of 30
mrad. STEM images were processed using Richard-Lucy deconvolution (3 iterations).
EELS (electron energy loss spectro-mapping) spectral images were acquired with a 0.25

eV/channel energy dispersion in a Gatan spectrometer with a size of 100x100 pixels and

225



an acquisition time of 10 ms/pixel. The Co and Fe elemental maps were extracted using
their sharp L; edges from the EELS spectrum image and processed using principal
component analysis (PCA, 3 components) and the linear combination of power law
(LCPL) to subtract the background, in Image] software. STEM-EDX spectra were
collected in a FEI Tecnai F-20 electron microscope equipped with an Oxford X-Max
detector. Possible beam damage was routinely checked before and after EELS and EDX
mapping. Under the conditions mentioned above, no damage was observed.
7.3.5 Electrochemical Characterization

Electrochemical measurements were performed in 0.IM NaOH on a Solartron
potentiostat. In all electrochemical measurements, 5 mg of the prepared catalyst was
mixed with 1 mL of 0.05 wt% Nafion/ethanol solution and subsequently sonicated for
approximately 30 minutes. 20 pL of the resulting catalyst ink were loaded onto a 5 mm
diameter glassy carbon (GC) electrode, achieving a catalyst loading of 0.5 mg cm™,
followed by thermal evaporation of the solvent under infrared light. The mass loading of
Pt on GC was 25 pg cm™, a common value, for comparison in fuel cell tests. A graphite
rod was used as the counter electrode and Ag/AgCl, in a 1M KCI solution, served as the
reference electrode. ORR measurements were carried out with a rotating disk electrode
(RDE) in oxygen-saturated 0.1M NaOH solution at room temperature (23 °C) (Bubbling
with Oz for 15 mins before scanning). All cyclic voltammetric profiles were obtained
between 0.05 V to 1.1 V vs. a reversible hydrogen electrode (RHE) at 5 mV/s in Ar-
saturated 0.1M NaOH. The ORR profiles were obtained at 5 mV/s and 1600 rpm after 50
CV cycles from 0.05 to 1.1 V at 50 mVs™! to remove the surface contamination and

activate the catalyst. The background capacitive current measured in Ar-saturated 0.1M
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NaOH solution was subtracted to process and plot the ORR profiles. Durability tests were
carried out by continuously cycling the potential from 0.6 V to 1.0 V at 100 mV/s for
30,000 cycles. The ORR profiles after 30,000 cycles were measured in the 0.1M NaOH

electrolyte.

7.4 Results and Discussion

Herein, we report on a group of optimized bimetallic MOFs (BMOFs) derived from
a Co-Fe alloy embedded in a carbon nanocomposite, which when compositionally
optimized, exhibit highly stable electrocatalytic activity towards the ORR (detailed
experiments can be found in Experimental Section). In ZIF-8, volatile Zn metal centers
can evaporate, generating a carbon structure with high surface area and porosity. The
resulting cavities served as hosts to encapsulate Fe ions to form a Co-Fe alloy with cobalt
derived from the ZIF-67 or with externally added Fe(acac)s. The resulting nanocomposite
exhibited ORR electrocatalytic activity comparable to commercial Pt, as well as high
stability for the ORR in alkaline media as evidenced by its compositional and structural
integrity. A family of Co-Zn bimetallic MOFs (BMOFs) precursors was synthesized by
a facile one-step solvothermal method at room temperature, through the self-assembly of
Co?"/Zn*" with 1/2-methyimidazole in a solvent mixture of ethanol and methanol. Their
compositions were varied systematically and labeled as BMOF-Co, ZnCo3, ZnCo, Zn3Co,
ZnesCo, Zni1Co, ZnyoCo and Zn, representing the fraction of the Co?" salt (Co(NO3),) as
100%, 75%, 50%, 14%, 8%, 5% and 0%, respectively. The powder X-ray diffraction
(XRD) patterns of the resulting BMOFs are shown in Figure 7.1, where those of

BMOF _Co and Zn were consistent with the simulated XRD patterns of ZIF-67 and ZIF-
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8, respectively. The intermediate XRD patterns, were analogous to ZIF-67 and ZIF-8,
indicating the successful synthesis of the BMOFs. Their morphologies were characterized
via scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
shown in Figure 7.2 and Figure 7.3, indicating a uniform distribution and smooth surfaces.
The BMOF crystal sizes decreased at higher Zn/Co ratios in the metal precursors with
less metallic Co nanoparticles remained. The crystal size decreased from the BMOF-Co
sample, with an average edge length of around 2 pum, to around 1 um in BMOF ZnCo,
and eventually to <100 nm in BMOF_Zn. As expected, there exists a correlation between
the diminution in the crystal size and the increasing fraction of Co in the salt precursors.
The formed polyhedra were pyrolyzed under forming gas at 800°C for 2 h, followed by a
sulfuric acid wash to remove any leachable metallic Co. As shown in Figure 7.4A-H, the
polyhedral morphology of the crystals was retained after the heat-treatment and acid wash.
It is generally accepted that CNTs (carbon nanotubes) would likely grow on most
transition metals at elevated temperatures and under a sufficiently high H> pressure.*> The
nanocomposites with higher Co content yielded rougher surfaces, suggesting the
formation of a higher amount of carbon nanotubes. Figure 7.5 shows the XRD patterns
of the carbonized BMOFs, in which all materials exhibited two peaks at 25° and 44°
indexed to the (002) and (101) peaks of carbon, and XRD peaks at 44° and 51° ascribed
to the (111) and (200) peaks of metallic Co in a face-centered cubic structure. At higher
Co contents, metallic Co peaks became more pronounced. The generated Zn oxide was
expected to be reduced in the forming gas atmosphere or by carbon, which subsequently
vaporized at high temperature. Thus, there were no diffraction peaks from Zn. The TGA

measurements in Figure 7.6A were used to confirm the complete removal of Zn. The
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residual mass of pyrolyzed BMOFs was precisely proportional to the amount of Co

precursors, and the Co-free material had nearly a 100% mass loss after acid leaching. The

5 10 15 20 25 30 35 40
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ZnCosy
ZnCo
Zn;Co
ZngCo
Zn4,Co
Zn,,Co
Zn

Simulated ZIF-8
Simulated ZIF-67

Figure 7.1 X-ray diffraction patterns of as-synthesized BMOFs with different ratios of

Co and Zn precursors.
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Figure 7.2 SEM images of as-prepared BMOFs synthesized at room temperature (A)
BMOF_ Co (B) BMOF ZnCos (C) BMOF ZnCo (D) BMOF Zn3Co (E) BMOF Zn¢Co

(F) BMOF_Zn;,Co (G) BMOF_ZnyCo (H) BMOF_Zn
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Figure 7.3 TEM images of pyrolyzed BMOFs at 800°C under forming gas (A)
BMOF Co (B) BMOF_ZnCos (C) BMOF_ZnCo (D) BMOF Zn3Co (E) BMOF Zn¢Co

(F) BMOF_Zn;,Co (G) BMOF_ZnyCo (H) BMOF_Zn

Io/lg=1.03

K L
Ip/lg=1.25 ZnsCo@Fe
ZngCo
1 "
2100

2 theta / degree Raman shift / cm™

Figure 7.4 (A-H) SEM images of pyrolyzed BMOF Co, BMOF_ ZnCos, BMOF ZnCo,
BMOF Zn3Co, BMOF ZnsCo, BMOF Zn;1Co, BMOF ZnxCo and BMOF Zn at
800°C in forming gas (95% Nz and 5% H>) (I) TEM image of the pyrolyzed ZnsCo (J)
SEM image of the pyrolyzed ZnsCo Fe (K) XRD patterns of ZnsCo and ZnsCo Fe (L)

Raman spectrum of ZnsCo and ZnsCo_Fe
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BMOF material derived from the ZnsCo composite, was further used as the scaffold to
encapsulate the Fe’" in its cavities/pores via the double solvent method.***** The Fe**
moieties were immobilized in the pores of the ZneCo network and reduced
simultaneously with their neighboring Co atoms, creating the bimetallic active sites after
carbonization and acid leaching.

Figures 7.7A-B show the morphology of BMOF ZnsCo before and after thermal
treatment and acid leaching, confirming that neither of the two processes affected the
overall morphology. The TEM image of the pyrolyzed BMOF ZnsCo in Figure 7.41
demonstrates that the polyhedral scaffold of carbon was embedded with metallic Co
nanoparticles. With the incorporation of Fe, the resulting carbon nanocomposite, derived
from ZneCo (labeled as ZnsCo_Fe), had abundant carbon nanotubes, covering the surface
of the polyhedral crystals (Figure 7.4J). The XRD patterns of pyrolyzed ZnsCo and
ZneCo_Fe revealed that, metallic Co and bimetallic CoooFeo1 were formed in the
reducing atmosphere during carbonization and were retained after the acid wash. The
diffraction pattern of the pyrolyzed ZnsCo_Fe in Figure 7.4K, exhibited a slight shift to
lower angles compared with the non-Fe counterpart, consistent with the larger atomic
radius of Fe. There were two peaks observed in the Raman spectrum shown in Figure
7.4L, illustrating the D and G band features of carbon.*> The Raman peaks located at 1350
and 1600 cm™! were attributed to sp? graphitic and defects in the carbon, respectively. The
defects could come from the heteroatom substitution, vacancies, and grain boundaries,

which are commonly considered to be more active in electrocatalysis than the basal
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plane.** The D/G band ratio increased from 1.03 to 1.25 following the addition of Fe,

indicating the formation of more defect sites facilitating electrocatalysis.

Co(111)
Co(200) Co(220)

. | Co

ZnCo,
wwe. | ZnCo

e N Zn3Co

Zn;Co
/\-/\ zn1 1C0
angCO

./\_____,.A__ Zn

I Co #04-014-0167
f v T v T v 1

20 40 60 80
2 theta / degree

C(002)

Figure 7.5 Powder XRD patterns of BMOFs after pyrolysis at 800°C in forming gas
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Figure 7.6 (A) TGA results of annealed BMOFs before and after acid wash, in air and

(B) BET N adsorption/desorption isotherms of BMOFs derived carbon nanocomposites.
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Figure 7.7 Morphology and structural characterization of BMOFs. (A) SEM image of

the as-prepared BMOF ZnsCo (B) SEM image of the pyrolyzed ZnsCo.
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It was speculated that the volatile Zn would substantially increase the surface area. The
BET surface areas of four representative samples, the carbon nanocomposites from Co,
ZneCo, Zn and Zn¢Co Fe were measured to be 520, 1310, 1400 and 745 m?%/g,
respectively. The high surface area allowed the exposure of active sites and was deemed
beneficial to the rapid transport of O; and relevant species during the electrocatalysis
processes (Figure 7.6B).

The atomic structure of the Coo.9Feo.1, embedded in the carbon nanocomposite, derived
from ZnsCo_Fe, was further examined by high-angle annular dark-field (HAADF) STEM
imaging. Since STEM image intensity is proportional to the atomic number (I o< Z!7), the
Coo.oFeo.1 alloy particles will be significantly brighter than the carbon support. As shown
in Figure 7.8A, Coo.9Feo.1 bimetallic nanoparticles (NPs) were uniformly distributed and
embedded in the MOF-derived porous carbon matrix. CoooFeo.1 NPs exhibited narrow
particle size distribution (PSD) of 8 + 2 nm (average + one standard deviation, Sq), (Figure
7.8B) based on an analysis of more than 300 nanoparticles from Figures 7.8A and Figure
7.9. The crystal structure was further examined by STEM images at the atomic scale.
Figure 7.8C shows a single-crystal nanoparticle with a d-spacing value of 0.20 nm, which
is consistent with the theoretical radius of Coo.9Feo.1 {111} facets, 0.2048 nm (PDF # 04-
004-9067). Another Coo.9Feo.1 nanoparticle was found to have five sub-domains of {111}
d-spacings on the same zone axis of [110] (Figures 7.8D and Figure 7.10). Domain
boundaries were marked with red dashed lines, and the hexagonal symmetry of [110] in

each domain was clearly resolved from the atom arrangements. The Fourier transform of

237



this nanoparticle showed the corresponding fives pairs of diffraction spots with the same

d-spacing values.
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Figure 7.8 HAADF-STEM images of Coo.oFeo.1 bimetallic nanoparticles embedded in a
MOF-derived porous carbon matrix (BMOF). (A) low-magnification STEM image of
BMOF (B) particle size distribution (PSD) histogram of about 300 particles analyzed
from (A) and Figure S4. (C) Atomic-scale STEM image of a single crystal with a d-
spacing value of 0.20 nm, indicating {111} facets of Co00.9Fe0.1. (D) Atomic-scale
STEM image of a nanoparticle with five sub-domains on the [110] zone axis and the
domain boundaries indicated as the red dashed lines. Inset shows the corresponding
Fourier transform with five pairs of {111} diffraction spots; Chemical composition of a
Coo.oFeo.1 bimetallic nanoparticle. (E-H) STEM image and the corresponding EELS
elemental maps of Co (red), Fe (green) and the composite map (Co vs. Fe). (I) Processed
EELS spectrum with pronounced Fe and Co L3,2 edges (J) STEM-EDX spectrum with
Fe Ka and Co Ka,p edges. Quantitative EDX analysis suggests Fe, Co contents of 89.2

at.% and 10.8 at.%, respectively.
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Figure 7.81 shows the pronounced Co and Fe Ls,» edges at around 790 and 710 eV,
respectively, which were used to extract 2D EELS elemental mapping. Figure 7.8E-F
presents a 10 nm Coo.9Feo.1 nanoparticle with EELS maps of Co (red) and Fe (green). The
EELS composite map of Co vs. Fe in the upper right of Figure 7.8E-F suggested a
relatively homogenous distribution of Co and Fe, which was further evidenced by similar
EELS maps in Figure 7.11. This provides convincing and compelling evidence of the
formation of a Co-Fe alloy at the atomic-scale, which is consistent with the observation
from the XRD of Coo9Feo.1 in Figure 7.8K. Besides the elemental distribution from EELS,
EDX also served as a quantitative tool to analyze the local atomic ratio (Figure 7.8J). Co
and Fe Ka edges at 6.9 and 6.4 keV, respectively, were employed to calculate the relative
atomic contents of Fe and Co, based on the Cliff-Lorimer equation.*® Co and Fe were
found to have relative contents of 89.2% and 10.8%, respectively, which is consistent
with the designed stoichiometry of Co/Fe (9:1) and ICP-MS results, which indicated that
the atomic ratio of Co to Fe was around 9:1. The relative error was defined as one Sq of
0.6 %, based on a random selection of five different regions on the TEM grid. The strong
Cu signal in Figure 7.8] came from the Cu TEM grid. STEM-EDX elemental maps of
several CoooFeo.1 NPs also yielded a similar homogenous distribution of Co and Fe to
that obtained from EELS mapping (Figure 7.11). In summary, microscopic-level STEM-
EELS mapping, combined with quantitative EDX analysis, unambiguously indicate that
the Coo.oFeo.1 alloy nanoparticles have a homogenous distribution of Co and Fe at the

atomic scale with the designed Co/Fe ratio of 9:1.
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Figure 7.9 Collection of low-magnification STEM images of CoooFeo.1 bimetallic

nanoparticles embedded in a MOF-derived porous carbon matrix (BMOF) (scale bar, 20
nm). Around 300 nanoparticles were counted and analyzed for the PSD histogram in

Figure 7.8B. Very few particles larger than 15 nm were not included in the PSD histogram.

242



Figure 7.10 STEM image of a Coo9Feo.1 bimetallic nanoparticle and the corresponding

EELS maps of Co (red), Fe (green) and the composite map (Co vs. Fe).
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Figure 7.11 (A-D) and (E-H) STEM images of CoooFeo.1 bimetallic nanoparticles and
the corresponding EDX elemental maps of Co (red), Fe (green) and the composite map
(Co vs. Fe), extracted using Co and Fe Ko edges from spectrum images. The
corresponding EDX spectra can be found in Fig. 4D. Co and Fe had X-ray counts of no
less than 50 and 10 counts/pixel, respectively, and the beam dose was ~ 0.8 e/(A-s). Large
nanoparticles were selected for mitigating sample drift during long-time high-quality

EDX elemental mapping acquisition.
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With the desirable structural information discussed above, the electrocatalytic
performance of these materials, towards the ORR, was assessed in alkaline media. Shown
in Figure 7.12A, all the polarization curves of all BMOFs derived carbon nanocomposites
collected in a conventional three-electrode system at 1600 rpm, in an Oz-saturated 0.1M
NaOH electrolyte, at a scan rate of 5 mV/s and a rotation rate of 1600 rpm. The mass
activities at 0.85 V and the half-wave potentials are summarized in Figure 7.12B. The
Zn-derived material showed the lowest onset potential and the slowest kinetics in the
mixed diffusion-kinetics control region. In sharp contrast, with a minimal amount of Co
incorporated, the electrocatalytic performance of the ZnzoCo-derived sample had a
dramatically enhanced increase of 200% in mass activity, and a 30 mV positive shift in
the half-wave potential. This dramatic improvement indicated that Co provided critical
active sites for ORR electrocatalysis. With additional increases in the Co loading, there
were further increases in the mass activity, although the additional relative enhancement
gradually decreased with higher Co contents. Contrary to such behavior, in the case of
ZneCo to Co, the electrocatalytic activity decreased in increasing levels of Co. As a result,
ZneCo proved to be the best ORR candidate derived from BMOFs precursors. We ascribe
this to its high surface area, accessible Co-based active sites and N dopants. Furthermore,
the Co-Fe bimetallic alloy derived from Zne¢Co, namely Zne¢Co Fe, exhibited an
electrocatalytic activity that surpassed those of ZnsCo and commercial Pt/C, in terms of
the half-wave potential (Figure 7.12C). Stability was assessed for carbon nanocomposites
derived from both Zn¢Co and ZnsCo_Fe in an Ar-saturated 0.1M NaOH solution at a scan
rate of 100 mV/s for 30,000 cycles (Figure 7.12D), where the carbon derived from

ZneCo_Fe proved extraordinarily stable.

245



>
(vy)

o 0.0+
E b
o o
< £ w
£ -1.54 < T
£ ~ »
k= >
(72} >
S -3.0- = 2
g E N
c @© -
2 454 § w
=
(&) =
6.0 T T T T T
0.2 0.4 0.6 0.8 1.0
Potential / V vs RHE
0.0 ZnCo 0.0 2nCo_Fe
cs‘aE ZnGCo_Fe csé > ZHGCO_FE 30000
S Pt 3] —2nCo
< -1.54 < -1.54 ——Zn_Co 30000
E £ )
-~ -~
2 2
‘B -3.04 ‘B -3.04
[ — =
(] [}
© ©
g 454 & -5
5 5
O o
6.0 T T T T T -6.0 T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs RHE Potential / V vs RHE
4.0 30
——2n,Co
8 3.94 —ZnSCo_Fe | 24 o\\o
< < E =
3 € = S
s > = . ¢ 18 2
= c Q@ [ 2
[} g 237 =
£ E & )
3 = o ©
o o = L 12 =
=] x S 364 )
£ 2R e
4 e 3 s O
D 35+
w
0 T T T T 1.5 34 T T r 0
0.2 0.4 06 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0
Potential / V vs RHE Potential / V vs RHE

Figure 7.12 Degradation mechanism investigation of BMOF electrocatalysts during
durability tests. (A) ORR polarization profiles of BMOF electrocatalysts at 1600 rpm and

5 mV/s after 10,000, 20,000 and 30,000 potential cycles from 0.6 to 1.0 V at 100 mV/s.
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(B) EDX spectra of BMOF at the initial state and after 30,000 cycles, showing a relatively
stable Fe/Co atomic ratio. (C) STEM image of BMOF after 30,000 cycles, showing a
majority of small particles as well as aggregated larger particles. (D) PSD histogram of
BMOF after 30,000 cycles, analyzed from (C) and Figure 7.13, showing an increasing

number of larger particles, relative to the initial state in Figure 7.12B.
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Raw image Image after Richard-Lucy process

Figure 7.13 STEM image processing. (A) raw atomic-scale STEM image of a Coo.9Feo.1
bimetallic nanoparticle. (B) image in (A) filtered using Richard-Lucy deconvolution (3
iterations). The deconvolution was processed in Imagel software assuming an Airy disk

(100 kV, amax=28 mrad) convolved with a 0.8 A Gaussian source.[1-2]

1. Kirkland, E. Advanced Computing in Electrons Microscopy. Springer: New York,
2010.

2. Wang, D.; Xin, H.; Hovden, R.; Wang, H.; Yu, Y.; Muller, D.; DiSalvo, F.; Abruia,
H. Structurally Ordered Intermetallic Platinum-Cobalt Core-Shell Nanoparticles with
Enhanced Activity and Stability as Oxygen Reduction Electrocatalysts. Nat. Mater. 2012,

12, 81.
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After 30,000 CV cycles, there was virtually no loss in the potential region between 0.8
to 1.0 V, and the electrocatalytic activity still outperformed that of ZnsCo carbon. To
better evaluate the selectivity of the oxygen reduction process, the rotating ring-disk
electrode (RRDE) method was employed to measure the peroxide yield, corresponding
to the undesirable 2e” process. Figure 7.12E presents the ring and disk currents obtained
for Zn¢Co and ZnsCo_Fe. ZnsCo_Fe exhibited a higher disk current, while its ring current
decreased by 30%, when compared to ZneCo, suggesting a dominant four-electron
transfer reaction. The electron transfer number (n) and peroxide yield values are presented
in Figure 7.12F. For the ZnsCo_Fe carbon, the n-value was determined to be above 3.9
over the potential region between 0.2 V to 0.9 V, and the generated peroxide was below
7%; a value that is about half, when compared to the 12% H>O> generation from Zn¢Co.
The peroxide yield is relatively low when compared to other reported values in the
literature. Our results are, in fact, comparable to other state-of-the-art catalysts. To make
a better comparison, we have prepared a table that summarizes the peroxide yield of
various materials in table S1.283% 4755 T owering down the peroxide yield would be most
beneficial since it is well understood that peroxide can diffuse into the membrane and
chemically break down to hydroxyl radicals. These radicals, in return, will react with
perfluorosulfonic ionomers in the electrode and the membrane to produce hydrofluoric
acid HF leading to the degradation of the MEA®S. To address the disadvantage from
produced peroxide, it requires collaborative efforts, also from the design of peroxide-
tolerant membranes®’.

In order to implement Pt-free cathodes for industrial applications in alkaline membrane

exchange fuel cells (AMEFCs), non-precious ORR electrocatalysts need to not only
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satisfy the requirements of high initial ORR activity, but also address long-term durability

concerns.>®

The durability and the possible degradation mechanisms of ORR
electrocatalysts need to not only satisfy the requirements of the BMOF electrocatalysts
were investigated using STEM imaging and quantitative EDX analysis. As shown in
Figure 7.14A, the halfwave potentials of BMOF electrocatalysts shifted slightly
positively after 10,000 and 20,000 cycles, indicating an initial catalyst activation. After
30,000 cycles, the Ei. shifted in the negative direction by less than 5 mV, indicating a
remarkable activity retention. The continuous decrease in I4 from -5.4 to -5.0 mA/cm?,
suggests a loss of electrochemical surface area (ECSA). EDX quantitative analysis and
STEM images were employed to investigate the changes in microstructures and local
chemical composition. EDX spectra of BMOF electrocatalysts, at the initial state and
after 30,000 cycles, were normalized to the Co Ka edge (783 eV) and showed little, if
any, changes in the Fe Ka edge (712 eV). (Figure 7.14B) Quantitative analysis suggested
that the relative contents of Co, and Fe changed from 89.2% and 10.8% (+ 0.6%) at the
initial state to 88.5% and 11.5% (£ 0.8%) after 30,000 cycles, respectively. Given the
relative error of EDX measurements, no significant changes in composition ratio was
detected. STEM images of BMOF electrocatalysts after 30,000 cycles showed that the
majority of the small particles were able to remain embedded in the carbon matrix with
only a few aggregated larger particles evident. (Figure 7.14C). Around 300 Coo.oFeo 1
nanoparticles in Figures 7.14C and Figure 7.15 were analyzed to form the particle size
distribution (PSD) histogram in Figure 7.14D. It suggests that Coo.9Feo.1 NPs have a larger
average particle size of 10-15 nm and a broader PSD after 30,000 cycles, when compared

to the initial state in Figure 7.8, which may partially explain the decrease in I4 in Figure

250



7.14A. Initially, nearly all O2 could be fully reduced to H20 via either the direct 4-
electron transfer reaction or in a two-step process in which the generated peroxide is fully
reduced (to water) by nearby sites before escaping the catalyst layer. After potential
cycling process, some of active sites dissolved so that their density is lower. In this case,
the peroxide has a higher possibility of diffusing into the bulk electrolyte causing a
decrease in the limiting current. The E1/2 does not shift too much, in the kinetic-diffusion
region, indicating that the kinetics is relatively fast. In In summary, the excellent
durability of BMOF derived electrocatalysts after 30,000 cycles was ascribed to their
capability to maintain a stable local chemical composition as well as a reasonably small
particle size, highlighting the close interactions between Coo.9Feo.1 NPs and the MOF-
derived carbon matrix.

Here, we attributed the stability of our Co-Fe BMOF catalysts to the highly porous
structure arising from the use of Zn as a sacrificial template in the reducing atmosphere
and to the in-situ formation of the Co-Fe bimetallic nanoparticles. The annealing
processes was deliberately conducted at H2 flowing rates, known to promote the
formation of carbon nanotubes on the surface of transition metals, like Co and Fe in this
case, that help immobilize active sites. At the same time, Co and Fe are reduced and
alloyed at the elevated temperatures employed during the formation of these CNTs and
are subsequently wrapped in these tubes. In addition, the 1/2-immidazole ligands in the
BMOF precursors bring N dopants in the carbon structure, which are able to not only
provide additional cata-lytic pathways, but also bind and coordinate the metallic
nanoparticles thus enhancing stability from both chemical and physical prospective. The

porous structure of our materials is maintained after extensive cycling, as evidenced by
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TEM. To-gether with the minimal compositional difference between a fresh sample and
a sample after 30k cycles, it is reasonable to expect that the excellent stability derives
from the structural and chemical integrity.

In addition, based on the Pourbaix diagram, the surface of the bimetallic Co-Fe
nanoparticle is highly likely to be partially oxidized, in the form of Co and Fe
oxide/hydroxide. It is possible/likely that, under working conditions (applied potential),
there is a mixture of Co(OH), and Co(OH);3 (or C0203, Co304 and CoO) for Co on the
surface. Similarly, Fe likely exists as a mixture of Fe(OH), and Fe(OH); (or Fe>O3 and
Fe;04). The average valence state is likely to be potential de-pendent; closer to +3 in the
higher potential region (near 1V vs RHE) and near +2 when the applied potential is lower
(near OV vs RHE). Those two metals on the surface, simultaneously and synergistically

catalyze the ORR reaction efficiently and stably.
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Figure 7.14 Degradation mechanism investigation of BMOF electrocatalysts during
durability tests. (A) ORR polarization profiles of BMOF electrocatalysts at 1600 rpm and
5 mV/s after 10,000, 20,000 and 30,000 potential cycles from 0.6 to 1.0 V at 100 mV/s.
(B) EDX spectra of BMOF at the initial state and after 30,000 cycles, showing a relatively
stable Fe/Co atomic ratio. (C) STEM image of BMOF after 30,000 cycles, showing a
majority of small particles as well as aggregated larger particles. (D) PSD histogram of
BMOF after 30,000 cycles, analyzed from (C) and Figure 7.13, showing an increasing

number of larger particles, relative to the initial state in Figure 7.12B.
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Figure 7.15 (A-B) low-magnification STEM images of BMOFs after 30000 potential
cycles. Around 300 nanoparticles were counted and analyzed for the PSD histogram in

Figure 7.9.
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7.5 Conclusion

In summary, we have designed a family of BMOF derived Co-Fe alloys embedded
in a carbon nanocomposite through the combination of the conventional self-assembly of
MOFs and a guest-host strategy. ZnsCo proved to be the compositionally-optimized
template and substrate, for the encapsulation of exterior Fe to generate the bimetallic
nanoparticles-carbon composite. This nanocomposite, composed of porous carbon with
high surface area and uniform distribution of Coo.9Feo.1 bimetallic nanoparticles, exhibited
superior electrocatalytic activity towards the ORR, as well as robust stability after 30,000
cycles, owing to its structural and compositional integrity, as confirmed by STEM and
EDX measurement. The synthesis strategy and optimization process presented here may
provide with new pathways to push forward the substitution of Pt with more cost-effective

electrocatalysts for fuel cell applications.
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