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Advances in the lifetime and performance of batteries and fuel cells are required before they are cost
effective for electric vehicles or as a way to level the supply of power from intermittent, renewable
energy sources. Because both the materials and processes in these energy storage and conversion
systems are inhomogeneous on the nanoscale, in situ (scanning) transmission electron microscopy
(STEM) is well suited to provide dynamic, nanometer scale information [1]. Here we discuss platinum
catalysts on carbon supports for fuel cell applications, observing the carbon flex during cycling. Finally,
we present work observing the lithiation of a battery cathode material using in situ spectroscopy. We
find that the mechanism of lithiation is different for different particles in the same aggregate.

The morphology of the support structure for catalysts in fuel cells is important in determining their
degradation and transport behavior. We observe morphological changes in catalyst supports at varying
potentials in a Protochips electrochemical cell in a 200 keV Tecnai F20. Figure 1 shows platinum
nanoparticles on high surface area carbon (HSC) in 0.1 M H,SOs. During cyclic voltammetry, the
carbon aggregates swell at low potential and relax at high potential (Fig 1a-c). The carbon branch that is
highlighted reversibly oscillates tens of nanometers with the voltage (Fig 1d). At low potential, the
branch moves away from its neighbor, and then relaxes at high potential. We suspect that the dynamics
of the HSC are of capacitive origin, attracting and possibly intercalating protons at negative potentials.
The lower mobility and larger size of the sulfate anions inhibits similar behavior at high potentials. If the
carbon oscillation occurs in a fuel cell, it may degrade gas diffusion pathways or lead to Pt coalescence.
In a separate experiment, we observed carbon support degradation at high potentials leading to platinum
coalescence. This suggests carbon support movement may adversely affect cell lifetimes.

In situ cyclic voltammetry of Pt nanoparticles on HSC is shown in Fig le. The working electrode, which
contains the electrochemically active sample, is confined to the viewing membrane. Even with our small
electrode and current scale (5 nA), the measurement has minimal noise. As the sweep rate is increased,
the current increases roughly as the square root of the sweep rate. From hydrogen adsorption/desorption
(HAD) measurements, we find roughly 2x10” cm? of platinum surface area on the electrode.

The study of the lithiation and delithiation of battery materials is critical because this mechanism often
limits electrochemical performance [2]. Here, we use valence energy-filtered TEM (EFTEM) imaging of
an aqueous battery cathode to track ions as they move between electrolyte and cathode material [1]. We
find in the valence EELS signal that there is a peak at 5 eV in FePO,4 but not LiFePO4 (Fig 2a). From
this, we can track the state of lithiation by imaging regions of the material that have lost 5 eV in EFTEM
mode. The discharged material, LiFePO,, appears dark in the 5 eV image (Fig 2b,h). During charging
(Fig 2 c-g), regions of the particle light up, indicated delithiated FePO,4. The bright regions disappear
during discharging. We find two different mechanisms for delithiation, indicated by arrows in Fig 2. We
expect valence EFTEM will be effective for other energy related materials, since they undergo
electronic structure changes of a few eV during operation. [3]
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Figure 1. In situ cycling of Pt nanoparticles on HSC in 0.1 M H,SO4. HAADF-STEM images at (a)
negative potentials and (b) positive potentials, with a color overlay in (c). At low potential, the carbon
aggregates swell, suggesting proton intercalation, which relaxes at positive potentials. (d) Position of the
particle marked by the red box, plotted with voltage. Particle moves more to the right at high potential.
(e) Cyclic voltammetry of Pt with sweep rate, at low current density. HAD estimates ~25 pg of Pt.
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Figure 2. (a) EELS of LiFePO4 and FePO,4 shows a peak at 5 eV for FePOy. (b-h) Observation of the
evolution of a cluster of LiFePO4/FePO4 during one charge/discharge cycle. EFTEM images formed at 5
eV, highlighting the delithiated FePO,, during charge and discharge (voltage curve above). (b and h) are

discharged LiFePO,. The red arrows in (c-f) correspond to core-shell structures, while yellow arrows (e-
g) show delithiation propagating in one direction through the particle. 200 nm scale bar.
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