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Development of low-cost ($100/kWh), long-cycle life ( >10,000) electrochemical energy storage
devices or batteries is necessary for the transition toward the future of renewable energy [1]. The
electrochemical performance of batteries can be compromised by the formation of metal dendrites during
cycling processes [2]. Organic chemical additives in the electrolytes represent a useful strategy to mitigate
dendrite formation, but a fuller understanding requires knowledge of the morphological effects of
chemical additives during the cycling process [2,3]. Such information would also aid in developing new
strategies for additive design for optimized cycling performance. Traditional ex situ microscopy has been
used extensively for studying energy materials and devices to obtain spatial and chemical information, but
analysis requires disassembling materials from their native environments [4]. In situ liquid cell
transmission electron microscopy (TEM) enables obtaining more representative information that would
otherwise be missing or misleading [5]. However, the experimental conditions for specialized probing
systems with modified battery structures may result in significant deviation from normal operating
conditions of commercial batteries (e.g. use of an ionic liquid or dry cell setup in TEM) [4]. Alternatively,
in situ transmission X-ray microscopy (TXM) can provide three-dimensional (3D) morphological and
chemical information on batteries in realistic operating conditions [4,6].  In this work, we utilized an in-
house TXM instrument to visualize the 3D growth morphology of zinc dendrites on carbon cloth
electrodes during cycling in electrolytes containing organic additives within minimal architecture zinc
bromine batteries (MA-ZBBs). Zinc bromide chemistry has already demonstrated a potential opportunity
for future energy storage solutions with long cycle life ( >10,000) and low operating cost ($10/kWh)
[7]. The experiments were carried out in a Carl Zeiss Xradia 520 Versa TXM to obtain X-ray 2D
radiography and 3D tomography of MA-ZBBs. A home-built MA-ZBB was oriented vertically and only
includes a carbon cloth anode, carbon foam electrode, and a zinc bromine electrolyte in a glass or Teflon®
case. The MA-ZBBs (40 mAh, 1 hour storage) were cycled using various organic additive-embedded
supporting electrolytes (Fig. 1). X-ray images were recorded in situ before and after cycling to investigate
microstructural evolution and dendrite formation in the electrodes. 3D tomography data was used to
examine the size distribution of dendrites and pores, and crack propagation. Metallic zinc is plated onto
the anode during the charging process but is controlled via both chemical and electrochemical processes
[8]. Zinc dendrites will not begin to grow until a critical cell potential is reached. The onset of dendrite
formation is dependent on the local current density and concentration of electrolytes (Fig. 2). Dendrites
form on surface inhomogeneities where the local current density is high and proceed to grow with various
lengths. In Fig. 1 each gray spot corresponds to the formation site of Zn dendrite on the carbon cloth
electrode. As zinc deposition proceeds, dendrites appear at various locations of the carbon cloth electrode.
The height of dendrite trunks and number of dendrite branches clearly decreases with the use of organic
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chemical additives. Once dendrites are formed, a side reaction results in hydrogen evolution that can be
suppressed by the organic chemical additives. We further discuss how such experiments can provide
mechanistic insights into the inhibition of metal dendrite formation, which may be useful in energy
materials and storage design. In summary, we used an in-house TXM as an efficient tool for imaging
the internal structure of zinc dendrites within MA-ZBBs, demonstrating that X-ray microscopy can be
useful to obtain mechanistic insights about organic chemical additives in new battery architectures. In the
future we plan to examine multi-length scale 3D investigations of MA-ZBBs using electrochemical
acoustic time of flight (EAToF) and electrochemical impedance spectroscopy (EIS) to conduct in
operando TXM/EAToF/EIS measurements. We are very thankful to Mr. Koshu Takatsuji for his helps in
the fabrication and test of MA-ZBB cells. This material is based upon work supported by the National
Science Foundation under Grant No. CHE-1800376. We also acknowledge the use of Princeton’s Imaging
and Analysis Center, which is partially supported through the Princeton Center for Complex Materials
(PCCM), a National Science Foundation (NSF)-MRSEC program (DMR-2011750).
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Figure 1. Organic chemical additives contained in zinc bromide electrolytes.
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Figure 2. Top view of reconstructed TXM images of zinc dendrites on carbon cloth electrodes immersed
in (a) additive-free, (b) polyethylene glycol 600, (c¢) sodium dodecyl sulfate, and (d) Triton-X 100
containing electrolytes during cycling of minimally architected Zn-Br batteries.
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