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ABSTRACT OF THE DISSERTATION 
 

Investigate Materials in Solar Cells and Batteries with Synchrotron Techniques to Mitigate 

Degradation 

 
 

by 

Xueying Li Quinn 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California San Diego, 2022 

Professor Shirley Meng, Chair 
Professor David Fenning, Co-Chair 

 

For energy conversion and storage devices, intrinsic properties of materials determine the 

devices performances. Here I present works on understanding residual strain and its effect in 

halide perovskite materials with nanoXRD. In addition, I investigate the silver dissolution 

phenomenon in Zn-AgO batteries, which is a limiting factor for their shelf life and cycle life. The 

degradation modes of materials were studied with synchrotron X-ray techniques to provide 

insights for improving device performances. 
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CHAPTER 1 
 

INTRODUCTION 

The manipulation and control of strain during crystal growth is foundational for advanced 

optoelectronic materials and heterostructures. The effect of strain on band gap and mobility has 

been intensely studied and exploited in Si, Ge, and III-Vs,1–3 while strain engineering is a key 

enabler of complex oxide perovskite heterostructures.4,5 In contrast, understanding of strain and 

control of it during growth of the emergent halide perovskites is still limited. With long carrier 

diffusion lengths and a tunable band gap as a function of composition,6,7 the halide perovskites 

have shown promise for diverse optoelectronic applications including solar cells,8 light emitting 

dioides,9 lasing,10 and photodetectors.11 Despite their facile processing and significant strides in 

optimization of optoelectronic properties, halide perovskites still suffer from poor durability with 

respect to traditional semiconductors – the major barrier to their commercial application.   

Strain arises from the annealing typical in synthesis of halide perovskite thin film12 and 

nanoparticles.13 The commonly-used spin casting and annealing method is a fast crystallization 

process, which impacts the carrier lifetime and mobility of the perovskite layer.14 Controlling the 

fabrication process to improve the crystal quality has been found to effectively improve the 

perovskite-based device performance. A number of studies have recently shown reduced XRD 

peak full-width half maximum by varying the substrate,15,16 halide intermediates17  and metal 

doping18 to give better perovskite solar cell performance. In the recent study of CH3NH3PbI3 thin 

films by Zhao et al., strain created by the thermal mismatch with the substrate during 

crystallization annealing after spin-casting was found to be detrimental to device stability.12 

Avoiding thermal annealing by using solvent exchange to crystallize the perovskite has been 
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shown to reduce strain and improve perovskite stability.19 These recent studies shed new light on 

the important role of strain and stability in halide perovskite. To better resolve the impact of 

strain in halide perovskite materials and devices, localization of strains in perovskite thin films is 

necessary to precisely attribute the effect of strain on stability. 

The development of halide perovskites as high-energy photodetectors is also gaining 

attraction due to their high detectivity.20–23 Specification of perovskite stability under diverse 

functional environments including high-energy irradiation and identification of the factors that 

limit stability is needed for deployment of halide perovskite across optoelectronic applications.  

Beyond stability, strain may play a significant role in the optoelectronic properties of 

halide perovskites. First-principles density functional theory studies have proposed that 

hydrostatic pressure or biaxial strain can reduce the band gap in halide perovskites.24–26 Several 

experimental investigations have studied the effect of hydrostatic pressure on band gap in hybrid 

(APbX3 with A=CH3NH3
+ (MA) or CH(NH2)2

+ (FA) and X=Br- or I-) 
27–33 and inorganic cesium 

lead halide perovskite, CsPbBr3.34 The band gap narrows under  <1 GPa hydrostatic compression 

due to increasing in antibonding overlap of Pb-X; on the contrary, the band gap broadens under 

high pressure (>1 GPa), which could be due to phase change or amorphization in the high-

pressure regime.29  Hall et al. also observed a blue shift of photoluminescence (PL) of 

CH3NH3PbI3 in the presence of humidity, and their first-principles computation shows a 

simultaneous increase of lattice constant and band gap when intercalating water into the lattice,35 

suggesting that the band gap may be tunable by straining the crystal lattice. Along similar lines, 

researchers have recently demonstrated an increase in band gap with epitaxial growth of CsPbBr3 

on VO2 nanowires, which results from compressive in-plane strains in the CsPbBr3 during 

expansion of the nanowires.36 While these studies introduce strains in extreme environments or 
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characterize the average bulk strain in perovskite films, detection of the strain distribution from 

common fabrication processes and understanding of the nanoscale effects of strain is needed to 

provide detailed insight for feedback on synthesis strategies and for designing new mechanically-

responsive functionality in these optoelectronic materials.  

Here we use Scanning X-ray Diffraction Microscopy (SXDM) to quantify the nanoscale 

local strain distribution in CsPbBr3 thin film single crystals and relate these local strains to a 

detrimental effect on stability and a locally-varying PL peak position. Leveraging a out-of-plane 

strain gradient introduced during cooldown from crystal growth within a given crystal provides 

the opportunity to study nuanced effects of strain on stability and PL within the same single 

crystal, avoiding sample-to-sample variations including minor variations in growth or subsequent 

environmental conditions. We find that nanoscopic regions with higher out-of-plane compressive 

strains exhibit decreased stability and a redshift in PL peak position and that pronounced 

mosaicity can arise during growth of perovskite thin film single crystals. 

 

Experimental 

Synthesis of CsPbBr3 crystals: CsPbBr3 crystals are grown following a previously-

reported method that forms thin film single crystals tens of microns in size37 while imitating the 

common spin casting and annealing method. The inorganic precursors CsBr (powder, 99% 

Sigma Aldrich) and PbBr2 (powder, 98% Sigma Aldrich) are used as purchased. 0.33 M 1:1 

CsBr/PbBr2 was dissolved in dimethylsulfoxide. The substrates are sonicated in soap water, IPA 

and water. The substrates are treated by oxygen plasma before deposition. Using patterned Pt 

strips on quartz to create a coefficient of thermal expansion (CTE) mismatch, a lateral strain 

gradient is formed in CsPbBr3 crystals that grow from solution spanning the Pt and quartz 



4 
 

substrate. For the Pt-patterned quartz, 100-nm thick Pt is sputtered onto the quartz. The 

perovskite precursor solution is spin-cast onto the substrate at 500 rpm for 10 seconds. The 

substrate is immediately pressed onto the PDMS stamp facing down and annealed at 100 °C for 

2 minutes, after which they are cooled on the fume hood bench. The CsPbBr3 crystals under 

investigation fall across pre-patterned Pt strips on glass, as shown schematically in Figure 1a. 

The crystal thickness is about 2 μm as shown in Figure S1.  

               Nanoprobe X-ray Diffraction: Scanning X-ray nano-diffraction microscopy (SXDM) 

and X-ray fluorescence (XRF) were performed using the Hard X-ray Nanoprobe (HXN) of the 

Center for Nanoscale Materials (CNM) at sector 26-ID-C of the Advanced Photon Source, 

Argonne National Laboratory. SXDM uses a focused beam with 220 Bragg diffraction geometry 

and rasters the X-ray beam across the crystal with the scattering recorded on a pixel-array 

detector (Medipix) at every point to produce a map of the local out-of-plane strain (Figure 1). A 

Fresnel zone plate (Xradia Inc., 133-μm diameter gold pattern, 24-nm outer zone, 300-nm 

thickness) focuses the monochromatic incident X-ray beam (photon energy 9.0 keV, λ=1.378 Å) 

onto the sample with a ≈50-nm full-width half-maximum lateral beam cross-section in the focal 

plane with a photon flux of 3x108  photons/sec.38 The perovskite sample is mapped with a 1.5-

µm stepsize while the pixel array detector captures the diffracted intensity at each scan position. 

A single-element florescence detector is used to locate the crystal over the Pt electrode edge on 

quartz.  To image the scattered intensity from the (220) peak of the orthorhombic CsPbBr3 

crystal, the sample is positioned at 220 Bragg diffraction to the X-ray incident beam, and the 

detector is positioned at 2θ=27.44° (λ=1.3777 Å). A map of 2θ variation is obtained by 

calculating the centroid of 2θ in each diffraction image. The scattering intensity and position in 

2θ is extracted from each image.  When lattice plane rotation is present, we eliminated the 
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rotation error and extracted the magnitude of strain by simulating the diffraction pattern with 

Patterson function,39 which separates the shift of the bright diffraction fringe from the movement 

of the aperture projection in the diffraction image. When there is minimal rotation (no shift of 

aperture center) detected, the 2θ is converted directly to d-spacing. The local strain in the [220] 

direction is calculated from the d-spacing, d’, extracted from the measured 2θ diffraction at each 

spot relative to the (220) d-spacing, d°, of CsPbBr3 powder produced by scraping crystals from 

glass slides and grinding (Figure S8), yielding lattice parameters consistent with the literature 

value of the room-temperature orthorhombic CsPbBr3 phase (ICSD 97851), as in Eq. 1:  

                                                                                                                       (1) 

The instrument maintains angles between the X-ray beam, sample, and detector with ± 0.001° 

precision. In addition, the diffraction detector spans a width of 1° 2θ with a pixel resolution of 

0.003°. This state-of-the-art control provided by the instrument allows us to observe the out-of-

plane strain distribution precisely.   

SXDM also provides an opportunity to study the stability and degradation mechanism of 

perovskite crystals under intense ionizing irradiation, relevant to potential applications in high-

energy detection. The 6×1017 photons/s-cm2 synchrotron X-ray irradiation generates energetic 

core holes and hot electrons that, after a cascading thermalization process, settle at the band 

edges of the perovskite. The X-ray dose is calculated from the flux 3x108 photons/sec and beam 

diameter 240 nm at the (220) Bragg angle to the sample surface.40 Each hard X-ray photon 

absorbed in the perovskite generates >103 band edge carriers, according to the empirical 

relationship Ncarriers = EX-ray/3Eg.41 The radiation hardness and the relationship between strain and 
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degradation of the perovskite under high-flux ionizing radiation is of interest in the design of 

perovskite gamma-ray and X-ray detectors. 

To analyze any structural degradation in time series measurements of the scattering from single 

points on the sample, a correlation coefficient of the diffraction pattern at each frame with 

respect to the initial one was calculated as a representation of structural degradation of 

perovskite, according to:  

                                                                                                                                              (2)     

in which Amn is the signal count of one pixel in the 514-by-514 initial diffraction image, and Bmn 

is the signal count of the same pixel of the subsequent diffraction image.  and  are the 

average signal counts of the initial diffraction image and the subsequent one respectively. The 

time when the r drops below 0.9 was select for comparison (t90). To assess the effect of the out-

of-plane compressive strain while preserving the sample properties, each spot for time series 

analysis was separated from the last by 4 µm. With a beam FWHM about 50 nm, this spacing is 

large enough to minimize irradiation-induced damage carryover to the next time-series spot.40 

Micro-photoluminescence: Photoluminescence mapping was performed at 50x 

magnification using a Renishaw inVia microscope equipped with a Si CCD array detector.  A 

514-nm laser source with 1.0 µW power was scanned in 1 µm steps. Luminescence was 

collected via a 1200 mm-1 grating, which with the 514-nm incident laser results in a spectral 

resolution about 0.1 nm. To better match the same sampling volumes between the normal-

incidence PL maps and the nano-diffraction that samples the whole thickness of the 2 µm thick 

crystal at an oblique angle, an 8-µm horizontal averaging filter was applied to PL maps. 

Additional experimental details can be found in the supplemental Information.  
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Results and Discussion 

 

Figure 1.1. (a) Schematic of the nano-diffraction measurement of an out-of-plane strain gradient 
induced in a perovskite thin film single crystal by the CTE mismatch at the quartz and Pt 
substrate interfaces beneath it. The Scanning X-ray Diffraction Microscopy (SXDM) quantifies 
the out-of-plane strain component only, ε220. (b) Experimental diffraction patterns of (i) low local 
strain and (ii) high local strain regions in crystal.  Simulated diffraction patterns of (iii) low-
strain and (iv) high-strain regions in crystal.  The shift of the bright vertical fringe on the circular 
aperture is caused by strain. (c) Plan view X-ray fluorescence map of Cs (green) and Pt (purple) 
counts, indicating the crystal’s position across the quartz/Pt edge. (d) Experimental out-of-plane 
strain map in a CsPbBr3 crystal characterized by SXDM on quartz/Pt substrate.  

Local changes in out-of-plane d-spacing due to the in-plane biaxial strain are obtained 

from each diffraction image by the relative position of the diffraction fringe on the bright ring of 

scattered intensity (Figure 1). The circular ring that appears in the scattering image, an example 

of which is shown in Figure 1b, results from the projection of the circular aperture of the Fresnel 

zone plate that focuses the X-ray beam. The zone plate’s center beam stop creates the appearance 

of an annulus in the image.  Local lattice strain and any rotation of the diffracting crystal planes 

can be systematically separated in each diffraction pattern by distinguishing changes in the 

position of this annulus, related to rotation, from the shift in diffracted intensity within the 

annulus, which indicates lattice strain.  This approach to analysis of the scattering pattern gives a 
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measure of the average lattice strain within the nanoscopic probed volume, not what might be 

called “microstrain” in the sampling volume that would indicate lattice disorder or defects. For 

brevity, we thus use the term “strain” below to refer to the average out-of-plane strain (ε220) that 

we measure in each nanoscopic volume point-by-point in SXDM, resulting from a biaxial in-

plane strain developed during the synthesis on a substrate.  

Figure 1b shows a diffraction image from a location on the CsPbBr3 exhibiting a local 

low-strain position of the bright fringe (Figure 1b(i)) compared to a diffraction image where the 

position of the bright diffraction fringe on the circular-shaped aperture has moved to higher 2θ, 

indicating a larger compressive strain in the [220] direction (Figure 1b(ii)). To confirm and 

quantify this shift due to strain, Patterson function simulation of the diffraction pattern is used 

(Figure 1b(iii, iv)). The low-strain and high-strain diffraction patterns in Figure 1b(i and ii) are 

calculated to exhibit -1.02% and -1.59% strain respectively. This strain is separated from the 

movement of the whole circular aperture on the diffraction detector, which can result from the 

rotation of the lattice planes within the crystal. Given the negligible rotation of the crystal planes 

evidenced by the stationary zone plate projection in the diffraction images, the 2θ variation is 

almost exclusively the result of strain in the crystal. 

The X-ray fluorescence (XRF) map of the CsPbBr3 crystal spanning the Pt electrode and 

quartz substrate is shown in Figure 1c, where the Cs corresponds to the perovskite crystal and the 

Pt signal is from the electrode.  If we assume that the growing CsPbBr3 does not freely slip from 

the substrate interface, the contraction of CsPbBr3 during cooling from crystallization is 

restricted by the relatively lower CTEs of the Pt and glass substrate. The CsPbBr3 crystal is thus 

expected to exhibit residual tensile biaxial strain in-plane and a resultant compressive strain out-

of-plane, as governed by its Poison’s ratio (ν=0.33).42 Since the crystal is deposited across two 
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distinct materials (Pt and quartz) with lower CTEs than the perovskite, the CTE difference 

between Pt and quartz should result in a strain gradient across the Pt edge as shown 

schematically in Figure 1a. Assuming no slip at the substrate-crystal interface, a finite element 

simulation of the 2-μm thick crystal shows the crystal is compressively strained overall as 

indicated by a negative total integrated out-of-plane displacement everywhere along the length of 

the crystal as shown in Figure S2a (see Table S1 for CTEs used in simulation). As a result of the 

difference in CTEs, the crystal is expected to be more strained on the quartz than Pt (Figure S2a).  

A simulated cross-section of the out-of-plane component of the strain distribution can be found 

in Figure S2b. 

Scanning X-ray diffraction reveals that the entire crystal has a compressive out-of-plane 

strain, and the region above the exposed quartz substrate is more compressively strained relative 

to the area above the Pt, as expected from simulation. The SXDM map of strain in the CsPbBr3 

crystal is shown in Figure 1d, captured simultaneously with the X-ray fluorescence (XRF) map 

shown in Figure 1c. The spatially-resolved, out-of-plane strain measured via nano-X-ray 

diffraction varies between -0.8% and -1.6%, indicating that the crystal is compressively strained 

in the out-of-plane direction. In general agreement with the trends from simulation, the 

magnitude of the strain decays toward the left and right-hand edges of the crystal and is highest 

nearer the quartz/Pt interface. The average lateral strain gradient across the crystal generated by 

the two different substrates is about 0.03%/µm.  In the center of the crystal, the strain varies 

smoothly from higher to lower compressive strain from left to right due to the CTE mismatch of 

the perovskite with the Pt and quartz.  
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Figure1.2. (a) Five measurement locations along the strain gradient designated A- E were 
selected for time series analysis of the diffraction pattern. (b) The time over which the two-
dimensional correlation coefficient of the diffraction pattern decays to 90% of its initial value 
(t90) is plotted versus the local strain at locations A-E.  (c) At each location A-E, the compressive 
strain is shown as a function of time and X-ray dose, indicating the relaxation of strain during 
structural degradation under X-ray irradiation. 

To study the effect of strain on stability under X-ray irradiation, time series 

measurements were taken on different spots along the strain gradient on the crystal shown in 

Figure 2a and labeled positions A-E. In each time series measurement, the spot was exposed to 

the high-flux X-ray beam continuously to observe the change in the X-ray scattering over time. 

The two-dimensional correlation coefficient of the diffraction image relative to the initial image 

is used as an indicator of degradation.  The correlation coefficient as a function of time under x-

ray can be found in Figure S3a. Movies that visualize the sequence of diffraction pattern images 

at each spot are available in the Supplemental Information.  

We find that positions with less residual strain exhibit increased structural robustness 

under X-ray irradiation, as indicated by a longer decay time of the scattered intensity. Figure 2b 

plots the relationship between strain state and t90, the time when the correlation coefficient of the 

diffraction pattern drops below 0.9, that is when scattering image has changed more than 10%. 

Less-strained spots have a longer t90. The degradation decay lifetime appears to vary only due to 
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the different strain magnitudes, as spots D and E are atop Pt and A-C are atop the quartz but they 

fall roughly colinearly in Figure 2b.  This direct correlation between structural decay time and 

strain indicates that nanoscale residual strains negatively affect the stability of halide perovskites.  

The reduced correlation coefficient during the time series measurement was not caused 

by crystal tilting or direct temperature effects. First, no crystal plane tilting was observed, which 

would appear as shift in the zone–plate aperture. Second, the reduction in the correlation 

coefficient was irreversible, as indicated by repeat measurements at the same locations, 

indicating the de-correlation was not due to thermal expansion under the X-ray irradiation. In 

some cases, we also saw that the scattering intensity increased at short times before a long-term 

reduction (Fig. S3b), indicating that the decay in correlation coefficient cannot be attributed to 

Debye-Waller effects. Overall, we attribute the reduction in correlation coefficient to the effects 

of irradiation itself, possibly due to either direct defect generation or carrier-induced degradation. 

During the degradation process under X-ray irradiation, the compressive strain is relaxed 

over time, as shown in Figure 2c. This observation indicates that the generation of structural 

defects under intense X-ray irradiation simultaneously lowers the diffraction pattern correlation 

coefficient and relaxes residual strain, consistent with previous observation of strain relaxation 

during degradation in CH3NH3PbI3
12. SXDM time series studies of hybrid perovskite 

CH3NH3PbBr3 crystals reveal that the hybrid perovskites undergo much more rapid structural 

degradation compared to CsPbBr3  (Figure S4), as expected given their well-established 

relatively poorer stability and low enthalpy of formation.43 The t90 of CH3NH3PbBr3 corresponds 

to an X-ray dose of 1018 photon/cm2  at 9 keV at an estimated flux of 3×108 photons/s, while the 

t90 of CsPbBr3 corresponds to an X-ray dose of 1020 photon/cm2.  These dose limits provide 

bounds for the design of perovskite-based high energy particle detectors. 
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The process by which the perovskite crystal degrades is evident from the time-series 

diffraction patterns (Figure S4b and Supplemental Movies). The time series from CH3NH3PbBr3 

(MAPbBr3) crystals reveal that the crystal structure collapses on itself locally as degradation 

proceeds. Upon extending the X-ray dose beyond >10x that required to collect a single high-

quality scattering image, the MAPbBr3 (002) d-spacing decreases and the angular spread in the 

χ-direction normal to 2θ increases. The spreading of the reflection in the χ-direction indicates 

that the crystal planes are bending.  Together, the shrinking of the out-of-plane spacing and 

simultaneous warping of the (001) planes indicates a collapse of the crystal planes inward.  This 

collapse proceeds until scattering fades completely and the local structure of the perovskite is 

amorphized. 
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Figure 1.3. (a) Map of the wavelength of peak PL intensity for the same CsPbBr3 crystal 
measured by SXDM and shown in Figure 1-2. (b) Negative correlation of the local PL peak 
versus nanoscale strain.  The red line indicates the best fit line, and the shaded area is the 
functional prediction interval on the linear regression. (c) Examples of diffraction images (top) at 
spots on the crystal with strain -0.84% (blue) and -1.59% (red) and corresponding PL spectra 
(bottom). The diffraction peak shifts to higher 2θ at the more compressed location as denoted by 
the dashed line. The spot with larger compressive out-of-plane strain has a red-shifted PL peak.  
 

Micro-photoluminescence (µ-PL) mapping of the CsPbBr3 crystal measured by SXDM 

reveals a negative correlation between local strain and the peak wavelength of PL emission. The 

PL peak generally varies from longer to shorter wavelengths moving top left to bottom right 

along the crystal (Figure 3a), save a clear discontinuity at the Pt/glass interface and some edge 

effects. By comparison with the strain map from SXDM (Figure 1d), this blue shift of PL left to 

right across the crystal corresponds with the trend of moving from a region of higher 

compressive out-of-plane strain on the top left of crystal to lower compressive out-of-plane strain 

at the bottom right. We make this relationship explicit in the scatter plot in Figure 3b, where a 
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clear negative correlation is seen between the point-by-point strain and PL peak wavelength in 

this crystal (R2=0.65).  A single Gaussian was used to extract the PL peak at each point as shown 

in Figure S5. Figure 3c highlights two spots that exemplify this trend with local strains of -0.84% 

and -1.59% determined from SXDM, where a red shift at higher compressive strain is seen in 

their local PL emission. Extrapolating from the dataset, the unstrained crystal is expected to have 

a PL peak at 529 nm, in agreement with previously reported values.44 The PL peak position shifts 

1.2 +/-0.1 nm per 1% strain, suggesting that perovskites may provide sensitive opto-mechanical 

sensing.  

The red shift concomitant with compressive out-of-plane strain may be due to at least two 

physical processes. One factor is that the strained PbBr6 octahedra change the Pb-Br anti-

bonding overlap and thus results in the red shift.29 Another factor could be structural defects 

generated at strained regions leading to the band gap narrowing.45 These shifts in in PL peak 

position are not the result of the appearance of secondary phases. The powder XRD only 

contains peaks from orthorhombic phase of CsPbBr3 (Figure S6a), and each nanoscopic step of 

the beam across the crystal sample diffracts at the 2θ expected from the [220] peak of o-CsPbBr3. 

The nano-XRF map shows the Cs:Pb ratio is uniform across the whole crystal area, which 

excludes the possibility of Cs:Pb stoichiometric variation (Figure S6b). Furthermore, electron 

backscatter diffraction (EBSD) identifies the crystal as orthorhombic CsPbBr3 everywhere 

(Figure S7). Thus, the observed PL red shift can only be ascribed to the measured variation in 

local strain.  

However, the correlation between PL peak and strain is weakened here because of several 

experimental factors. First, the PL and the nano-diffraction are most sensitive to different 

sampling volumes. The PL is most sensitive to the top 230 nm, the 1/e attenuation depth of the 
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incident 514 nm laser in CsPbBr3,46 whereas the full thickness 2 μm is probed in X-ray 

diffraction. Second, the substrate-induced strain is largest in magnitude near the substrate 

interfaces and relaxes through the crystal thickness in the vertical direction even in the absence 

of structural defects, as indicated by the simplified mechanical model simulated in Figure S2b. 

Third, the crystal stamping method used here to produce the thin film single crystal does not 

yield the structural quality of bulk single crystals. Thus, we expect the fundamental underlying 

relationship between in PL peak position and strain to be stronger than that reported here.  

 

Figure 1.4. (a) Powder XRD patterns of the (220) peak of CsPbBr3 crystals on Pt, quartz and 
TiO2 substrates with the corresponding out-of-plain strain values. The dashed line is the literature 
powder XRD value of 220 peak (ICSD 97851).  (b) Center of mass of the PL peak distribution in 
each crystal versus strain measured by benchtop XRD on Pt, quartz and TiO2 substrates vs. 
measured out-of-plane strain. 

Based on the clear link between PL peak and residual strain from our nanoscale 

characterization, we were able to reproduce the trend in benchtop XRD of films of many such 

microscale single crystals atop various substrates including Pt, quartz and compact TiO2  (Figure 

4). An exemplary SEM image of the crystals on the TiO2 substrate is shown in Figure S9. With 

high-angular resolution benchtop XRD and careful sample height alignment, we calculate the 

average out-of-plane strain according to Eq. 1 for the CsPbBr3 crystals on each substrate. The 

CsPbBr3 crystals have the largest compressive strain in the out-of-plane direction on TiO2 
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followed by quartz and are least strained on Pt.  The full XRD patterns (Figure S8) show clearly 

that the crystals are the orthorhombic Pbnm phase on all three substrates. The corresponding 

peak wavelength of PL emission decreases as compressive strain decreases from TiO2 to Quartz 

to Pt to with values of 532.3, 531.0, and 530.4 nm respectively. The higher compressive strain on 

quartz than Pt is consistent with the trend of their CTE mismatch with the perovskite, but the 

commonly-used compact TiO2 substrate shows higher compressive strain despite having a CTE 

near Pt. It is possible that the wetting interaction between the perovskite and the nanoparticulate 

TiO2 reduces the slip or strain relaxation at the interface between the perovskite crystals and the 

substrate, resulting in higher strain during crystallization. Despite benchtop thin-film XRD 

averaging strain many micro-crystals due to its large spot size, a small negative trend of PL peak 

versus strain is still evident, although the benefit of nanoscale characterization of model 

materials is clear in elucidating this relationship between strain and the peak wavelength of 

photoluminescence emission. 

The local diffraction intensity does not correlate with local PL intensity, contrary to 

convention in the physical chemistry of semiconductors that lower crystallographic defect 

density corresponds to enhanced photoluminescence (Figure S10). This observation may be 

partially explained by the sensitivity of the PL to the unpassivated top surface while the SXDM 

probes through the thickness. However, it may also be an indication the self-passivating nature of 

defective perovskite regions.47,48 Recent work has observed that amorphous regions at grain 

boundaries in MAPbBr3 thin films may be passivating and display increased PL lifetime and 

intensity.49 Further investigation of the relationship between perovskite crystal quality on the 

nanoscale and their opto(mechano)electronic properties is warranted.  
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Figure 1.5. (a) As-fabricated CsPbBr3 crystals appear as single-crystals with Pbnm (110) 
orientation in electron backscatter diffraction measurements. (b) Optical image of a CsPbBr3 
single crystal, where the red box indicates the region of SXDM mapping;  (c) Plan view X-ray 
fluorescence map of Cs counts, showing the mapped crystal area. (d) The map of the centroid 
position of the zone plate aperture as projected onto the detector in 2θ. Scale Bar is 10 µm in (b) , 
(c) and (d). 

Finally, we note that not all of the stamped CsPbBr3  perovskite crystals exhibit a single 

crystalline domain upon nanoprobe investigation. Although they appear as uniform, single 

crystals under the more common crystallographic analysis of electron-back scatter diffraction 

(EBSD) (Figure 5a), the crystal in the optical image of Figure 5b showed significant mosaicity 

when investigated by SXDM. In Figure 5c, the Cs XRF map shows the extent of the crystal, but 

only some areas diffract due to mosaicity, as characterized by a map of centroid position of the 

aperture projection on the detector (Figure 5d). Due to the angular convergence in the focused 

incident beam, the annulus-shape created by the concentric zone plate and beam stop is projected 

by the diffracting crystal plane onto the detector within the 2θ bandwidth of diffracted intensity.  

Although there is no change in d-spacing, any crystal tilt causes a rotation of the scattering 

vector and thus a shift in the position of the aperture projection. Approximately, crystal plane 

rotation of Δγ results in 2Δγ change of the aperture projection. This 2Δγ shift was calculated by 

monitoring the centroid of the aperture on the detector, as shown in Figure S11. The mosaics are 

diffracting crystalline domains within the larger crystal with slight misorientation. When the 

misorientation angle is small (<0.2°), the domain diffracts and displays a small shift in 2θ due to 

the crystal plane rotation (Figure 5d). As noted above, this rotation is straightforwardly separated 
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from strain in analysis of the diffraction image. In contrast, where the misorientation is large, the 

diffraction is not detected by the diffraction detector and appears dark in the scattering intensity 

map (Figure 5d). In this sample, mosaicity dominates the nanoscale structure of the film, rending 

detailed strain analysis impossible due to the distorted diffraction patterns (Figure S11). The 

formation of crystal mosaics may be due to the low formation energy of perovskite crystals and 

the rapid crystallization process.50,51 Scrutinizing the crystal quality at the nanoscale, we find that 

mosaicity can easily result during perovskite growth. Mosaicity is also expected to reduce the 

stability and increase the variation in optoelectronic properties of perovskite films due to the 

reduction in structural quality. To our knowledge, this is the first report of mosaicity in halide 

perovskite crystals, though its detrimental impacts on stability have been previously 

hypothesized.52 Further understanding of the heterogeneous distribution of strain and mosaic 

formation is necessary to understand how to reduce crystallographic imperfections in perovskite 

materials and requires local nanoscale characterization of crystal structure. 

Conclusion 

In summary, we investigate the effect of nanoscale residual strain on halide perovskite 

crystal structural stability and photoluminescence using synchrotron nanoprobe X-ray 

diffraction. Using a strain gradient that develops within CsPbBr3 thin film single crystals due to 

the thermal expansion mismatch between the perovskite crystal and substrates, we find reduced 

durability at locations of higher residual strain. By using thin film single crystals, we remove any 

effect of grain boundaries, demonstrating the intrinsically detrimental effect of such strain on the 

stability of halide perovskites. Time-series analysis of structural degradation under X-ray 

irradiation indicates an imploding collapse of the crystal structure and provides quantitative dose 

limits for perovskite application in high-energy detectors. With micro-photoluminescence 
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mapping, we correlate the local optoelectronic properties with the measured nanoscale strain. 

From -0.8 to -1.6% strain, the PL peak is continuously red-shifted from 529 nm to 533 nm. The 

fine and continuous tuning of PL peak position with strain suggests new potential strain sensing 

applications for perovskites.  

Because we use substrates, solution processing, and growth temperatures ubiquitous in 

the perovskite literature, we emphasize that re-engineering crystal growth to alleviate strain 

offers the opportunity to stabilize perovskite materials and devices relative to their current 

standard. Based on the observation that stability decreases monotonically with nanoscale strain, 

any localized stress concentrations that form during crystallization or in the application of 

perovskite films in curved or flexible devices may serve as “weakest links” for incipient 

degradation. Our observation of mosaicity in halide perovskite crystals at the nanoscale also 

indicates that crystal quality in even single crystals may affect reports of the bulk properties of 

halide perovskites.  Improved understanding of nanoscale strain distributions formed during the 

synthesis of perovskite crystals should enable improved large-area crystal quality. Further work 

is also needed to study how nanoscale strains vary in polycrystalline thin films and across crystal 

chemistries in the growing family of hybrid and inorganic halide perovskite materials. Deeper 

understanding of how the strain is distributed at the nanoscale in perovskite materials will allow 

exploitation of the relationship between structural deformation and shifts in optoelectronically-

active energy levels. 
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APPENDICES 
COMSOL simulation 

The Structural Mechanics module in COMSOL was used to simulate the induced strain 

from cooldown during crystallization of CsPbBr3. In the 2D simulation, a 2-µm thick and 30-µm 

wide CsPbBr3 crystal sits atop a quartz slide patterned with 100-nm Pt. The crystal is positioned 

its midline right above the edge of the Pt. A 0.5 µm fillet was included at the corners of the 

crystal and the Pt edge to reduce unrealistic edge effects in the simulation. The thermal 

parameters of Pt and quartz from the COMSOL built-in library were used. For CsPbBr3, the 

thermal parameters from the study by Rakita et al.1 were used. The CsPbBr3 is considered to 

crystallize stress free at 100°C. The temperature of the crystal and the substrate is reduced to 

20°C, and the CsPbBr3 crystal is compressed at the substrate interface due to its large coefficient 

of expansion compared with the substrates. A lateral strain gradient in the CsPbBr3 crystal forms 

from the Pt side to the quartz side induced by the difference in coefficients of thermal expansion 

of the substrate materials. 

 
Electron Backscatter Diffraction 

To identify the crystal phase, electron backscatter diffraction (EBSD) is measured on the 

crystal using an FEI Apero scanning electron microscopy and Oxford symmetry detector at 20 

kV. The crystal structures of orthorhombic CsPbBr3 ICSD # 97851, tetragonal CsPbBr3 ICSD # 

109295 and cubic CsPbBr3 ICSD # 29073 were used to match the crystal phase. 

 
Atomic Force Microscopy 

The AFM image was obtained using a Veeco Scanning Probe Microscopy in tapping 

mode and scanning over a range of 50 μm by 70 μm at a resolution of 360 × 512 data points.  

 
Benchtop X-ray diffraction 
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Powder XRD spectra were taken by a Bruker AXS D8 Discover diffractometer in parallel 

beam geometry with Cu Kα radiation (λ=1.5418 Å).  The height alignment accessory was used 

for accurate strain calculation. 
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Table 1.S1. Coefficients of thermal expansion of CsPbBr3, Pt, quartz and TiO2  
 

Materials CTE  (10-6 K-1) 

CsPbBr3
1 37.7 

Pt2 9.0 

Quartz3 0.55 

TiO2
4 2.57 
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Figure 1.S1. AFM of the CsPbBr3 crystal measured by nanoXRD shows the crystal is 2-µm thick 
with a flat smooth surface except for one large void on the right of the crystal. The roughness Ra 
is around 40 nm on the crystal excluding the void. 
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Figure 1.S2. (a) Simulated displacement of a 2-um thick CsPbBr3 crystal on Pt-patterned quartz 
substrate. (b) COMSOL mechanical simulation of the out-of-plane strain in a the CsPbBr3 crystal 
on Quartz/Pt substrate.  
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Figure 1.S3. (a) Correlation Coefficient of diffraction images as a function of time under X-ray 
at five positions on the strained crystal indicated in Figure 2. (b) Waterfall plot of degrading 
diffraction patterns at positions A, B, C, D and E indicated in Figure 2.  
 
 
  



27 
 

 

 
Figure 1.S4. (a) Correlation coefficient r of the diffraction image vs. accumulated X-ray dose 
shows that CsPbBr3 (green curve) are much more stable than MAPbBr3 (red curve). (b) 
Diffraction images of MAPbBr3 and CsPbBr3 diffraction at 1, 100 500s showing the relatively 
stable CsPbBr3 under X-ray irradiation and the loss of long range order in the hybrid perovskite. 
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Figure 1.S5. Example of single Gaussian fit of PL spectrum of CsPbBr3 from µ-PL. 
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Figure 1.S6. (a) Pb, Cs, Cs/Pb ratio maps in XRF. (b) Powder XRD of the CsPbBr3 sample 
measured by nanoXRD.   
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Figure 1.S7. (a) SEM image of the CsPbBr3 crystal measured after nanoXRD. (b) EBSD phase 
map of the CsPbBr3 crystal shows the crystal is orthorhomic CsPbBr3 with space group Pbnm. 
The green dots are not automatically identified as orthorhombic phase in the software, due to 
poorly indexed orthorhombic patterns, as shown by (c) the Kikuchi pattern of a blue point 
identified as orthorhombic CsPbBr3  and (d) the Kikuchi pattern of a poorly-indexed (green) 
point identified  mistakenly as cubic CsPbBr3. The symmetry and pattern in (d) precisely 
matches that of (c). 
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Figure 1.S8. Powder XRD patterns of crystals on TiO2, Quartz, Pt, scraped powder from drop 
casted crystals on glass slides and major peaks of CsPbBr3 in ICSD 97851. 
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Figure 1.S9. SEM image of CsPbBr3 crystal stamped on TiO2. 
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Figure 1.S10. (a) Scattering intensity map from nanoXRD and PL intensity map from microPL 
on the same CsPbBr3 crystal. (b) Scatter plot of PL intensity versus scattering intensity shows 
non-association. Scale bar is 10 μm in (a). 
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Figure 1.S11. Diffraction patterns of two different spots on the mosaic CsPbBr3 crystal in Figure 
5. Gray lines are for eye guidance. 
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CHAPTER 2 
Introduction 

 Halide perovskites are an emergent class of materials potentially suitable for most 

optoelectronic applications. Their intrinsic properties are commensurate with optoelectronic 

figures of merit, as they exhibit large absorption coefficients with sharp onsets, high 

photoluminescent yields, tunable bandgaps, long carrier lifetimes, and low intrinsic trap 

densities.[1–5] This, in conjunction with their facile, solution-based fabrication methods and wide-

ranging flexibility in chemical composition, has made perovskites attractive candidates in the 

development of light-emitting diodes, lasers, phosphors, detectors, and indoor and outdoor 

photovoltaic cells.[6–17] 

 Halide perovskite materials possess the ABX3 structure, where the chemical species on 

each of the A-, B-, and X- sites can be varied and mixed (within the bounds of structural 

formability guided by the Goldschmidt tolerance factor and related heuristics) to modulate the 

material’s properties.[18–20] The composition of each site has been under investigation, but 

typically consists of either an organic (methylammonium or formamidinium) or inorganic (Cs) 

A-site, a divalent B-site (most often Pb), and a halide at the X-site (Br, Cl, I). Inorganic halide 

perovskites, most commonly of composition CsPbX3, have been of particular interest for their 

thermal stability. [21] Variation of the X-site from chlorine to bromine to iodine adjusts the 

bandgap across the visible spectrum while preserving high photoluminescence quantum yields 

and narrow emission line widths.[22] The addition of lanthanide ions to CsPbX3 perovskites 

improves the photoluminescent yields even further, extends the possible emission range into the 
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near-infrared, and in some cases enables new physics within the material as a divalent 2+/3+ or 

aliovalent 3+ dopant at the B-site.[23–26]  

Of the lanthanide additives, europium has shown especially promising improvements to 

performance of both organic and inorganic perovskites. Europium-containing inorganic 

perovskite quantum dots display blue, green, and red emission with photoluminescent yields up 

to 90%, the red emission arising from quantum cutting between the host lattice and Eu3+.[27,28] 

Strong excitonic binding in these quantum dots makes their PL yield less sensitive to particle 

size and morphology, allowing bright particles to be formed even within glass melts. [10] Solar 

cells fabricated with europium additives to the hybrid MAPbI3 and inorganic CsPbI3 and 

CsPbI2Br perovskite absorbers displayed increased power conversion efficiency and stability 

under conditions ranging from exposure to ambient atmosphere to prolonged one-sun 

illumination.[25,29–31] The improvement in stability has been ascribed to strain-induced 

stabilization of the kinetically-trapped photoactive perovskite phase and the suppression of ionic 

defects via “redox shuttling” between Eu2+ and Eu3+ ions. Existing literature has established both 

the benefits of europium to perovskites, as well as proposed the mechanisms by which some of 

these benefits are conferred. Incorporation of Eu onto the lattice in place of lead, its mitigation of 

deleterious redox reactions, and its influence on microstrain have been attributed to improving 

thethe optoelectronic and stability properties of perovskite devices.[25,29] Our work leverages 

high-resolution mapping techniques to evaluate these hypothesized mechanisms at the nanoscale. 

In this study, we use synchrotron nanoprobe X-Ray Diffraction (nXRD) and 

Fluorescence (nXRF) mapping to investigate the nanoscale stoichiometry and microstructure of 

CsPbBr3 crystal films with nominal 5% Eu2+ addition. Using micro-photoluminescence, we 

correlate the photoluminescence (PL) to local elemental composition and strain distribution. We 
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find that Eu addition clearly improves PL yield and line width with a minor blue-shift to the 

bandgap. This improved PL is ascribed to a reduction in microstrain seen by nXRD, which along 

with heterogeneity in europium content seen by nXRF indicates that the presence of europium 

changes the crystallization process. Finally, the stability of CsPbBr3 under sustained hard x-ray 

dosage is greatly improved with the addition of europium. Our work sheds light on the local 

influence of europium on the structural and optoelectronic properties of perovskites, further 

supporting this class of materials as an encouraging prospect for use in applications ranging from 

light emission to high-energy photon detection. 

Results and Discussion 

We fabricated CsPbBr3 crystals with and without 5% EuBr2 (mol fraction with respect to 

the B-site) added to the precursor solution on quartz substrates, using a previously-established 

PDMS stamping method during annealing.[32] This fabrication approach results in isolated thin-

film crystals typically 1 -2 µm thick and 20-30 µm wide (Figure S1). Inductively-Coupled 

Plasma Mass Spectrometry (ICP-MS) found the average Eu mol fraction in the Eu:CsPbBr3 

samples to be 4.8%, near the nominal 5% (Table S1). 

Benchtop XRD confirms that both crystals with 5% mol EuBr2 added (Eu:CsPbBr3) and 

pristine CsPbBr3 crystals form in the room-temperature orthorhombic phase (Pnma, ICSD 

#97851) (Figure 1a). The Eu:CsPbBr3 crystals show less texture than the CsPbBr3, as the 

benchtop diffraction pattern clearly shows the Eu:CsPbBr3 microcrystals exhibit a wider range of 

orientations. We do not observe a shift in the diffraction peaks upon addition of 5 mol% Eu2+. 

This is not unexpected, as the ionic radii for octahedrally-coordinated Eu2+ and Pb2+ cations are 

similar at 117 and 119 pm, respectively.[33] Previous reports have shown europium to have 
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varying effects on the lattice parameter of perovskites, though there is consensus that europium 

can be incorporated into the perovskite crystal structure at moderate loadings with little to no 

effect on the lattice parameter.[25,29,34] For example, Wang et al. showed that, in 

methylammonium lead iodide, increasing europium loading does not affect the diffraction peak 

positions until 4.8 mol%, at which point they observe a peak shift indicating an increased lattice 

parameter. 

Nano-Diffraction Shows Reduced Structural Disorder 

To better understand the crystals’ microstructure, synchrotron-based scanning nano-X-

Ray Diffraction (nXRD) measurements were carried out on select individual crystals from each 

sample type. This technique rasters a 60-nm full-width half-maximum (FWHM) monochromatic 

X-ray probe across the sample and uses a 2D panel detector to collect the scattering produced at 

each point, generating a rich, nanoscale map of the structural properties.[35] nXRD is highly 

sensitive both in terms of detection limit and spatial resolving power. Minority crystal 

orientations and phases barely present or undetectable in benchtop XRD data can often be seen 

clearly in nXRD, although the total area sampled is limited currently to several 100s µm2.  

Coupled with supporting characterization, from nXRD we obtain unique insights into the 

microstructural behavior of europium in CsPbBr3.  
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The nXRD reveals that, unlike the CsPbBr3, the individual Eu:CsPbBr3 “crystals” are, in 

fact, multicrystalline, with crystallites diffracting from multiple orientations present across the 

crystal area. Fig 1(b) shows a nanoscale map of microstrain in two exemplary crystals of each 

type, showing the variation in d-spacing relative to the average value within the crystallite. Only 

a fraction of the geometric area of the Eu:CsPbBr3 crystals diffract to a particular Bragg angle. 

The Eu:CsPbBr3 remain fully crystalline, but other orientations account for the diffraction from 

 

Figure 2.1. (a) Benchtop XRD patterns of CsPbBr3 and Eu:CsPbBr3 samples. All peaks other 
than that of the platinum (fiducial marks present on the sample substrate) and EuBr2 are 
attributed to the orthorhombic perovskite. (b) Spatial distribution of relative d-spacing in two 
crystals of each sample type obtained by synchrotron nano-XRD. (c) Overall distributions of 
strain, diffraction peak width, and out-of-plane lattice tilt in the CsPbBr3 and Eu:CsPbBr3 
samples, including all measured data (additional data shown in the SI).  
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areas of the crystal in white in Fig 1 (b).  The full set of orientations and their corresponding 

microstrain is shown in Figure S2. In the case of the pristine samples, one orientation is 

dominant and expressed across the entire crystal area (Figure 1b). This suggests that the addition 

of europium to CsPbBr3 precursors alters the crystallization process and promotes the formation 

of smaller crystalline domains. 

As can be seen from the scanning nano-diffraction, the strain state varies substantially 

within individual domains, with much higher levels of microstrain in the pristine CsPbBr3. The 

intensity of color in Fig. 1b indicates the local deviation in d-spacing relative to the average d-

spacing observed across the crystal area. These deviations contribute on aggregate to the 

microstrain seen in a benchtop measurement. The Eu:CsPbBr3 sample exhibits less microstrain 

than the CsPbBr3 sample. Furthermore, the gradient of d-spacing (how fast the color changes in 

Fig. 1b) across the Eu:CsPbBr3 crystals is lower in magnitude than in CsPbBr3, meaning that the 

strain state is more homogenous across these samples with smaller absolute values. This finding 

is summarized in the boxplots at the top of Fig. 1c, where the distribution of d-spacing variation 

is narrower for Eu:CsPbBr3. Note that while we can confidently observe microstrain, we have not 

reported the absolute strain value. For the polycrystals, reporting an absolute strain by just one 

orientation may give an incomplete picture. However, we see a clear reduction in the overall 

microstrain of crystals containing europium. 

The Eu:CsPbBr3 crystals also display a lower degree of mosaicity, i.e., less tilting of the 

lattice across each crystalline domain, and reduced rocking curve full-width half-maximum 

(Figure 1c). The reduced rocking curve FWHM indicates reduced structural disorder within the 

nanoscopic X-ray probe interaction volume. Peak broadening can signal multiple structural 

phenomenon, such as lattice defects (dislocations, interstitials, etc.), mosaicity, varying strain 
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state, or small diffracting domains.[36] We do not expect much domain-size broadening here as 

the planar area of our diffracting domains are tens of microns across, and the thicknesses 

associated with domain-size broadening (<100 nm) would imply unlikely domains with 

extremely high aspect ratios. This leaves us to conclude that the broadening we observe consists 

of lattice defects and the already identified mosaicity and strain variation in our sample. On the 

whole, the nXRD paints an interesting picture of europium’s impact on the CsPbBr3 

microstructure: we find evident polycrystallinity and decrease in texture, indicating a reduction 

in crystallographic order at long length scales (microns), but also improvement of short- to 

medium-range structural order, including reduced structural defect density and mosaicity. 

Only small amounts of second phases, which we attribute to unreacted precursors, can be 

seen via nXRD and are primarily located around the perimeter of the crystals (Figure S3). We 

identify these as EuBr2 and PbBr2, though the proximity of reflections from these phases in 

reciprocal space makes assignment in nXRD difficult. In the Eu:CsPbBr3 samples, the benchtop 

XRD (taken before the nXRD) clearly shows EuBr2, implying that this EuBr2 is unreacted 

precursor rather than a degradation product. In the case of the europium-free CsPbBr3 samples 

we can confidently assign the precursor diffraction to PbBr2.  

Composition and Surface Chemistry of Eu:CsPbBr3 Crystals 
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Europium is Heterogeneously Incorporated 

Nano-X-Ray Fluorescence (nXRF) microscopy reveals that the local B-site stoichiometry 

varies spatially across all Eu:CsPbBr3 samples, from trace amounts up to local concentrations of 

10% Eu (Figure 2a). With detection of only minor amounts of EuBr2 in these samples and no 

clear evidence of other impurity phases from benchtop or nXRD, we evaluate B-site 

stoichiometry in terms of the implied Eu B-site occupancy 𝑀𝑀𝐸𝐸𝐸𝐸/(𝑀𝑀𝐸𝐸𝐸𝐸 + 𝑀𝑀𝑃𝑃𝑃𝑃), where 𝑀𝑀 is the 

areal molar concentration (mol/cm2) of the chemical species (shown for all crystals in Figure 

S4), and all europium and lead ions are assumed to be incorporated into the perovskite lattice. 

Note that these values are in areal concentration – nXRF provides compositional quantification 

integrated along the beam path, in this case integrating through the vertical dimension of the 

film. Eu-occupancy peaks as high as 10% at the crystal center, then decays to trace levels 

 

Figure 2.2. (a) Implied europium B-site occupancy as measured by synchrotron nano-XRF 
microscopy. The average is indicated below each crystal. (b) Thickness images corresponding to 
the crystals above. Scale bar is shared between (a) and (b). (c) Eu 3d and (d) Pb 4f XPS spectra, 
taken at normal  (green) and grazing angles of incidence (orange). (e) The ratios between Eu 
oxidation states, and between Eu and Pb content, from the above XPS spectra. 
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towards the crystal edges (Figure 2a). The average content is about 2-2.5%, somewhat lower 

than the ICP-MS value of 4.8%. Unlike nXRF, ICP-MS averages over the total contents of the 

substrate, implying that either our nXRF sample size is too small to capture the true average Eu-

occupancy, or that residual Eu species are present on the substrate outside of the perovskite after 

fabrication. The latter seems to be true in our case given that we observe unreacted EuBr2 around 

the crystals by both benchtop XRD and nXRD. This 2.5% measured Eu occupancy is consistent 

with our lack of any observed diffraction peak shifts, as seen at similar concentrations in 

Eu:MAPbI3. [25] The Eu:CsPbBr3 crystals are thinner in the center, as measured by white-light 

interferometry (Figure 2b), with larger concentrations of europium being present in these thinner 

regions. The CsPbBr3 crystals do not have this thin-center morphology and are generally thicker 

than their europium-containing counterparts (Figure S5). 

The Crystal Surfaces are Rich in Europium 

To better understand the chemistry and distribution of Eu in the crystals, we conducted 

angle-dependent XPS measurements. The spectra were collected at 0° and 70° angles of 

incidence to probe depth-dependent variations in chemical composition and oxidation state 

within the first few nanometers of the crystal surface. The Eu 3d and Pb 4f spectra are shown in 

Figure 2c-d (corresponding fits to the data are shown in Figure S6). Focusing on the Eu 3d 

spectra, we see doublets corresponding to both Eu2+ and Eu3+.[37] Notably, we introduce only 

Eu(II), whereas most previous reports introduce the more common Eu(III). The chemistry in the 

thin film crystals is in the end similar to previous reports, where we find a coexistence of 

Eu2+/Eu3+ oxidation states within the sample.[25,34] The population of Eu2+ may be slightly higher 

at the surface (Figure 2e) based upon the increase seen when moving from normal to grazing 

incidence. We note that these peak ratios qualitatively rather than quantitatively reflect the 
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relative population of the species, given the unknown depth distribution and the heterogeneity 

evident in the sample. The Pb 4f spectra in Figure 2d reveal the appearance of a high-binding 

energy peak in the surface-sensitive 70° spectrum, consistent with the native oxide of lead.[38]   

Figure 2e also shows that the implied Eu B-site fraction at the surface is Eu-rich, reaching 

80%, as derived from the XPS after accounting for the spectral relative sensitivity factors (RSF). 

This evident surface enrichment, in conjunction with the nXRD identification of unreacted EuBr2 

precursor primarily around the edge of the crystal, suggests that at least a portion of the 

europium added during synthesis segregates to the outer crystal surfaces. Even so, the numbers 

point to a significant degree of europium incorporation within the bulk crystal. If the first 5 

nanometers of the micron-thick crystals have 80% Eu-occupancy as measured by XPS, the bulk 

crystal would still need to have an average 1.6% Eu-occupancy to yield the thickness-integrated 

2% value detected by nXRF. This presents just a ~25% error in the bulk europium loading 

determined by nXRF and maintains the observation that the bulk of the Eu:CsPbBr3 crystals are 

rich in europium while maintaining the perovskite phase. 
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Photoluminescence Intensity Increases with Europium Addition 

Eu:CsPbBr3 crystals display superior photoluminescence properties with respect to their 

pristine counterparts.  Figure 3a shows micro-photoluminescence maps of the intensity (top 

row), peak wavelength of emission (middle row), and FWHM (bottom row) for the Eu:CsPbBr3 

(left) and CsPbBr3 crystals (right). The Eu:CsPbBr3 crystals show brighter photoluminescence 

(PL) on average, with roughly 2x higher intensity as seen in the summary box plot of Fig. 3b.  

The Eu:CsPbBr3 crystals show strong luminescence from much of the crystal area, while the 

CsPbBr3 crystals show strong edge-to-center variation with the edges being substantially brighter 

than the central regions of the crystal. The emission spectra of Eu:CsPbBr3 are blue-shifted by 

about 5 nm on average and have lower FWHM relative to CsPbBr3. These changes suggest that 

Eu incorporation improves the optoelectronic quality of in the perovskite by reducing shallow 

trap states that would serve to broaden the emission spectrum and reduce band-to-band 

recombination. Where the Eu:CsPbBr3 crystals show relatively uniform emission spectrum 

across the area of the crystal, the CsPbBr3 crystals show a chaotic distribution of red- and blue-

 

Figure 2.3. Photoluminescence behavior. a) Maps of photoluminescence intensity, peak emission 
wavelength, and emission full-width half-max for representative Eu:CsPbBr3 crystals (left) and 
CsPbBr3 (right). b) Overall distributions of the fitted photoluminescence parameters from (a). 
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shifted regions.  This varying distribution of emission point-to-point (~4.6 nm standard 

deviation) echoes the substantial variations in strain seen in the pristine crystals (Figure 1b). This 

is consistent with our previously reported finding that local strain leads directly to luminescence 

peaks shifts in CsPbBr3.[39] Both crystal chemistries display an edge-to-center variation in 

emission wavelength, though the direction of these trends are reversed – the edges are redshifted 

in Eu:CsPbBr3, but blue-shifted in CsPbBr3. The redshift towards the edges in europium 

containing samples is further evidence that europium incorporation lowers the emission 

wavelength, given that nXRF shows Eu-occupancy to decrease from center to edge.  

Stability Under X-Rays 

 

Figure 2.4. Structural stability. (a) Waterfall plots of diffraction patterns of Eu:CsPbBr3 and 
CsPbBr3 crystals exposed to sustained focused hard x-rays for 5 minutes. Diffracting phases are 
indexed by tick marks above the plots. (b) Statistical correlation over time between the images of 
the diffraction patterns collected by the area detector, corresponding to the waterfall plots in (a). 
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The incorporation of Eu dramatically improves the radiation hardness of the crystal, a key 

criterion for application in high-energy particle detection or in extreme environments. The 

structural stability of Eu:CsPbBr3 and CsPbBr3 crystals was examined under continuous 10 keV 

hard x-ray exposure at ~1.9 x 1021 photons/cm2 /s. Waterfall plots of the time-resolved 

diffraction during X-ray exposure are shown in Figure 4a for Eu:CsPbBr3 (top) and CsPbBr3 

(bottom).  The CsPbBr3 shows significant structural degradation. The strongest diffraction peak 

at 3.3Å-1 in the CsPbBr3 sample shifts to higher diffraction angles during the beam exposure, a 

“lattice collapse” mode of structural integrity loss we commonly observe when exposing 

sensitive perovskites to high doses of focused hard x-rays.[39] Loss of crystallographic structure 

can manifest in peak shifts, as severed atomic bonds cause d-spacings to change, and in peak 

intensity loss, as portions of the diffracting domain become disordered. Pearson correlation of 

the time-resolved area diffraction images to the initial image takes both of these degradation 

signatures into account and shows that europium imparts much greater structural stability and 

radiation hardness to the crystal (Figure 4b). Some minor instability remains even in the 

Eu:CsPbBr3 – we note that a peak splitting of the 3.3Å-1 peak persists after ~100s exposure 

(Figure 4a). Despite its multicrystallinity, the reduced microscopic structural disorder in 

Eu:CsPbBr3 dominates overall to improve x-ray hardness. 

Discussion 

Our results make clear that europium addition has a pronounced effect on the nucleation 

and growth of CsPbBr3 crystals. Based on the heightened europium content at the crystal centers 

it seems as though europium clustering may act as a seed for nucleation and encourage 

polycrystallinity. Additionally, XPS shows that europium is enriched at the surface. It is possible 

that europium-rich surface layers are acting as a passivation layer for the perovskite crystals.  
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In looking towards device applications requiring charge extraction, such as photovoltaics 

or optical sensors, the increased polycrystallinity concomitant with europium addition may 

reduce device performance by hindering long range charge transport. If columnar grain 

structures can be maintained, such devices may still produce enhanced performance. Various 

literature reports, including successful solar cell fabrication with Eu:CsPbBr3, suggest that the 

growth kinetics of europium in perovskites can be overcome to yield performant optoelectronic 

devices.[25,30,34] As in our findings, europium-containing perovskite solar cells are consistently 

reported to have reduced grain sizes and improved stability against illumination or environmental 

stresses. Further work investigating the role of europium in perovskite synthesis kinetics is 

needed to establish methods for increasing crystalline domain size while preserving improved 

optoelectronic and microstructural quality. 

Finally, though we have investigated the local role of europium in an inorganic 

perovskite, a wide range of halide perovskites incorporating lanthanides in quantum dots and thin 

films have been shown.[23,26,27] The bulk behavior of devices under study is generally of greatest 

interest and the figure of merit, but may overlook key aspects of local interactions between the 

ionic species of the additive and the host lattice, whether from elemental segregation, 

microstrain, or simply deviation between nominal and actual loadings of additives in strongly 

performing samples. Microscopic understanding of the compositions and structure must be 

established to understand their true tradeoffs and implications, especially for long-term device 

stability. 

Conclusion 
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 We investigate the microstructural underpinnings of the enhancements brought by 

europium addition to perovskite optoelectronics. The electronic quality of Eu:CsPbBr3 is 

improved to yield an increased fraction of band-to-band recombination and fewer shallow traps, 

as evidenced by the increase in photoluminescence intensity and decrease in emission 

bandwidth. We use scanning X-ray nano-diffraction to show that these improved emission 

characteristics appear correlated to a reduction in microstrain at the nanoscale.  Despite having a 

multicrystalline microstructure, the europium-added samples have less microstrain and exhibit 

less mosaicity than pristine CsPbBr3. The reduced nanoscopic structural disorder corresponds 

with greatly improved radiation hardness of Eu:CsPbBr3. The improved luminescence yield and 

increased stability make Eu addition a promising strategy for the engineering reliable 

photodetectors across the electromagnetic spectrum, including X-ray and gamma-ray detectors - 

an application for which inorganic perovskites have shown significant promise.[40] 

Experimental Section/Methods  

Sample Synthesis:   Substrates were cleaned via a series of sonication and rinse steps as 

follows: sonication in 2 vol% Hellmanex in DI water for 15 min, rinse with DI water, sonication 

in DI water for 15 minutes, rinse with DI water, sonication in IPA for 15 min, sonication in 

acetone for 15 min, rinse with IPA, then dried. 0.33 M precursor solution (molar ratios of 1:1 

CsBr:PbBr2 for CsPbBr3, and 1:0.95:0.05 CsBr:PbBr2:EuBr2 for Eu:CsPbBr3 samples) was made 

in DMSO inside a nitrogen glovebox. The solution was heated to 120˚C and mixed by vortexing 

until all solids dissolved. The clean substrates were plasma-treated for 10 mins, in air at 200 

mbar. The PDMS stamps were preheated on a hotplate at 150˚C. 40uL of precursor solution was 

dropped on the substrate. The substrate was spun for 10 seconds at 500 rpm (accelerated at 500 
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rpm/s), then put upside down on the PDMS and pressed with tweezer for 5 minutes. Then the 

substrate was removed from the PDMS, flipped over and heated for another 2 minutes at 150°C.  

Inductively-Coupled Plasma Mass Spectrometry: The relative molar ratios of Eu, Pb 

and Cs were measured using a Thermo Scientific iCAP RQ ICP-MS. The as-grown crystals were 

scraped off the substrates and dissolved in 2% analytical grade nitric acid in preparation for the 

measurement. 

Benchtop X-Ray Diffraction: The XRD of the samples was acquired on a Rigaku 

Smartlab with 0.02 degrees per step  from 10˚ to 50˚ with 2mm slit in parallel beam mode. 

Samples were measured on directly on the substrate they were synthesized on. 

Synchrotron X-Ray Fluorescence and X-Ray Diffraction: Nano-XRF and nano-XRD 

were both acquired at the 26-ID-C beamline at the Center for Nanoscale Materials and the 

Advanced Photon Source at Argonne National Laboratory, using a focused 10 keV x-ray beam. 

d-spacing was determined precisely by performing a spatially-resolved rocking curve, where the 

incident and detector angles were held constant while the sample theta was rotated. The 2D 

scattering detector was calibrated by measurement of a powder silicon reference sample. This 

procedure enables complete reconstruction of the 3D scattering vector at each point, which 

allows us to know not only the magnitude of the scattering (d-spacing), but the direction of 

scattering (relative lattice tilt). Additionally, the peak width of overall scattering intensity vs 

sample theta is fit to provide a measure of local structural disorder. XRF readings were corrected 

for attenuation of both the incident and fluoresced x-rays, using the nominal stoichiometry (5% 

Eu:CsPbBr3 or pristine CsPbBr3) and a density of 4.42 g/cm3  to approximate the X-ray 

attenuation coefficient of the sample. In addition to the attenuation coefficient, the optical path 
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length of both the incident and fluoresced photons was approximated using a ray-tracing 

approach, where the incident beam and detector orientations are known from the measurement 

geometry, and the 3-d sample morphology is approximated using the white-light interferometry 

thickness map under the assumption that no voids exist within the sample. This treatment, along 

with a detector calibration using NIST XRF standards (NBS1832, NBS1833) normalizes the 

measured fluorescence to remove hardware and sample attenuation effects and enable 

quantitative analysis. 

Thickness Measurement: The topography of the crystals was measured with a 

Filmetrics Profilm3D in White Light Interferometry mode with 50X magnification. 

X-Ray Photoelectron Spectroscopy (XPS): XPS spectra were acquired using a Kratos 

Analytical AXIS Supra equipped with a monochromatic Al K-alpha x-ray source at the UC 

Irvine Materials Research Institute. Measurements were taken at 0˚ and 70˚ angles of incidence, 

acquired with a 20 eV pass energy at 0.1 eV steps with 100 ms dwell time. Spectra were 

background corrected using a Shirley background, aligned in energy using adventitious carbon, 

corrected by the instrument and element specific sensitivity factors (2.467 for Eu 3d, 8.329 for 

Pb 4f), and peaks were fit by Voigt line shapes to find peak areas. 

Micro-Photoluminescence: Photoluminescence maps were taken using a Renishaw 

Raman/microPL tool with a 514nm excitation laser, 600 mm grating, 0.5s dwell time and 0.05% 

power. The photoluminescence peak position, intensity, and FWHM were extracted by a single-

Gaussian fitting of the raw data. 
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APPENDICES 

 

Figure 2.S1. SEM EDS maps of the Eu:CsPbBr3 crystals on a quartz substrate with platinum 
fingers (horizontal at top and bottom of image) used as fiducial markers for sample location 
during measurements. 
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Table 2.S1. ICP-MS quantification results for CsPbBr3 (top) and Eu:CsPbBr3 (bottom) samples 
scraped off of the quartz/platinum finger substrate. The rightmost column represents the molar 
fraction 𝑚𝑚𝑚𝑚𝑙𝑙𝐸𝐸𝐸𝐸

𝑚𝑚𝑚𝑚𝑙𝑙𝐸𝐸𝐸𝐸+𝑚𝑚𝑚𝑚𝑙𝑙𝑃𝑃𝑃𝑃
 

Nominal 
Eu/(Eu+Pb) 

(mol) 

Pb 
(ppb) 

Eu 
(ppb) 

Cs 
(ppb) 

Pb 
(molarity) 

Eu 
(molarity) 

Cs 
(molarity) 

Measured 
Eu/(Eu+Pb) 

(mol) 

0 65.579 0.006 30.030 0.317 0.000 0.226 0.000 

0.05 249.237 8.936 161.03 1.204 0.059 1.211 0.047 
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Figure 2.S2. The full collection of nano X-Ray Diffraction (nXRD) rocking curve maps, along 
with the integrated area-detector diffraction signal acquired across all sample orientations and 
spatial coordinates included in the map. The rings imposed on the detector image indicate 
expected reflections for chemical compounds potentially present in our system. Rings are 
colored by compound, with the exception of the white rings, which all correspond to pnma 
CsPbBr3 and are resolved to yield d-spacings in the maps below the detector image. The 
Eu:CsPbBr3 samples (a-c, blue boxes) each have multiple maps shown, as there were more than 
one diffracting orientations that were resolved per rocking curve across the sample area. CsPbBr3 
crystals are in red boxes (d-f). The d-spacing maps are segmented to only display areas above a 
threshold diffraction intensity. The dashed lines on the maps indicate the edges of the particle as 
seen by the cesium XRF signal – the diffraction signal outside this region is a product of beam 
spreading in the x-direction, as the beam is projected due to the Bragg orientation of the crystal 
at ~15° to the sample surface. 
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Figure 2.S3. Diffracting areas corresponding to either EuBr2 or PbBr2 in Eu:CsPbBr3 sample “B” 
from the Figure S2. The same integrated area detector image from Figure S2 is shown here, with 
only phase lines corresponding to EuBr2 and PbBr2 shown. The red boxes indicate the region of 
the detector (i.e., reciprocal space) considered for each of the four perimeter images, which show 
the integrated counts from that region (strongest diffracting portions of the map are highlighted). 
The majority of the precursor phases are detected at the edge of the crystal area. 
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Figure 2.S4. Nano XRF maps of Eu:CsPbBr3 samples show the areal molar concentration of each 
element (mol/cm2). 
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Figure 2.S5. Thickness maps of three Eu:CsPbBr3 (top, B-D) and three CsPbBr3 (bottom, E-G) 
samples.   
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Figure 2.S6. XPS Spectra and Voigt fits for Eu:CsPbBr3 samples. The upper two plots are taken 
at 0˚ angle of incidence, while the bottom two are taken at 70˚. 
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CHAPTER 3 
 
INTRODUCTION 

The rapid growth of the 5th generation mobile network, the internet of things (IoT), and 

wearable electronics have greatly promoted the demand for storage technologies featuring safety 

and high energy and power density.1 Zinc-based battery chemistries are safe, have low 

environmental impacts and high energy densities, thus are considered one of the most ideal 

choices for powering wearable and IoT devices.2 While safe primary Zn chemistries (e.g., zinc-

air, zinc- silver oxide) have been commonly used in intimate wearable devices that require 

extreme caution(e.g. hearing aids),3 the growing demand for advanced functionality now calls for 

batteries featuring rechargeability as well as higher energy and power density. A promising 

cathode chemistry using high-oxidation-state silver (I, III) oxide (AgO) was presented, featuring 

almost 2 times the specific capacity (432 mAh/g) compared to the traditional Ag2O (231 mAh/g) 

cathode.4 Utilizing this advanced cathode chemistry, printable, flexible Zn-AgO batteries have 

been recently reported, exhibiting low impedance (<1 Ω) for high-power discharge, high areal 

capacity (>50 mAh/cm2), and good rechargeability (>500 cycles), presenting a highly attractive 

and practical energy storage solution for wearable and IoT devices.4,5 

However, limitation still exists in the AgO-Zn chemistry that prevents its wide 

application in wearable and IoT devices. Namely, as a result of anode degradation and 

spontaneous cathode reduction and dissolution in alkaline electrolytes, the AgO-Zn chemistry 

suffers from fast self-discharge (3-15% per month) for primary cells and limited cycle life (~500 

cycles at C/3) for secondary cells.5 While the electrodes chemical and electrochemical stability 

can be improved by selecting compatible current collectors5 and using additives,6–9 the cathode 
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dissolution is still a remaining factor for optimizing the shelf life and cycle life of AgO-Zn 

batteries. 

Compared to Ag2O, the high-oxidation-state AgO contains both lower oxidation-state 

Ag(I) and higher oxidation state Ag(III) due to disproportionation, the latter of which is less 

chemically stable and prone to autonomous reduction and dissolution in its typical alkaline 

electrolyte environment.10–12 While autonomous reduction can be largely mitigated by the use of 

additives (e.g., Pb, In, Ga, B)13 and electrochemically stable current collectors (Au-coated Ni),5 

the dissolution of AgO leads to the permanent loss of cathode material was yet to be studied.5 

During discharge, the AgO cathode undergoes a two-step reaction where the AgO is firstly 

hydrolyzed by the electrolyte (Reaction 1) to form the intermediate Ag(OH)2, followed by its 

electrochemical reduction into lower oxidation state Ag2O (Reaction 2). However, the 

hydrolyzed Ag(OH)2 intermediate further forms silver hydroxide complexes and lead to the 

undesirable loss of Ag into the electrolyte (Reaction 3).12 The dissolved silver species are not 

recoverable once lost contact with cathode. The competition between reduction and 

complexation affects the rate of silver dissolution. 

 Hydrolysis:  𝐴𝐴𝐴𝐴𝐴𝐴 (𝑠𝑠) + 𝐻𝐻2𝑂𝑂 ↔ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2 (𝑎𝑎𝑎𝑎)    (1) 

 Reduction:  2𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2(𝑎𝑎𝑎𝑎)  + 2𝑒𝑒− ↔ 𝐴𝐴𝐴𝐴2𝑂𝑂(𝑠𝑠)  +  𝐻𝐻2𝑂𝑂 + 2𝑂𝑂𝐻𝐻−  (2) 

 Complexation:  𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2(𝑎𝑎𝑎𝑎) +  𝑥𝑥𝑥𝑥𝐻𝐻− ↔ [𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2+𝑥𝑥]−𝑥𝑥 (𝑎𝑎𝑎𝑎)  (3) 

Among them, the complexation takes place spontaneously both during storage and cycling, 

leading to the permanent loss of cathode material and negatively impacting the shelf-life of 

primary cells and cycle-life of secondary cells. In addition, the dissolved silver species can 

crossover to the anode and cause unwarranted anode degradation. As a common strategy to 

prevent the silver crossover, sacrificial reductive separators such as cellophane were used to 
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capture the dissolved silver ions.11,14,15 However, this strategy does not mitigate silver dissolution 

but leads to the constant removal of dissolved Ag in the electrolyte before reaching saturation, 

allowing further silver dissolution from the cathode until the cellulosic material is fully oxidized. 

The silver dissolution, concurring with the autonomous silver reduction,10,12 gradually discharges 

the battery during storage and results in irreversible capacity loss, which limits the use of the 

AgO-Zn battery for many applications that require extended operations.14,16,17 Therefore it is of 

great importance to understand, quantify, and potentially mitigate this irreversible silver 

dissolution to further advance the practicality of the AgO-Zn chemistry. 

 In this work, we systematically studied the distribution of silver dissolution in both 

primary and secondary AgO-Zn cells with inductively coupled plasma mass spectroscopy (ICP-

MS), identifying key factors affecting silver dissolution. To understand the fundamental 

mechanism of silver dissolution, the chemical states of dissolved silver species in separators and 

cathode surfaces were characterized with Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). We found that in primary cells 

the dissolved silver species is [Ag(OH)2+x]-x
 and that the amount is influenced by the selection of 

electrolyte and cell configuration. Interestingly, for secondary cells, our results show that the 

silver dissolution is reduced at a higher cycling rate (C rate). With observations of morphological 

and chemical change as well as diffusion kinetics change at different C rates, the C-rate effect on 

silver dissolution provided a deep understanding of the silver dissolution mechanism. We believe 

that shifting the balance of the two-step reaction away from the undesired complexation is key to 

minimize the silver dissolution. Strategies in choosing proper electrolytic species/electrolyte type 

and coarsening cathode surface will greatly improve the shelf-life and cycle-life, and enhance the 
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practicality and versatility of the AgO-Zn for powering the next generation of wearable and IoT 

devices. 

 

Experimental 

Chemicals: Bi2O3, KOH (pellets, R85%), NaOH (pellet, R97%), LiOH, acetone, 

cellophane (gel drying frames), Poly(ethylene oxide)(PEO) (M.W. ~400 kDa) for cell 

fabrication, Poly(ethylene oxide) (PEO) (MN=6,000) for XAS experiments, polyacrylamide, 

N,N′-Methylenebisacrylamide (MBAA), and potassium persulfate were purchased from 

SigmaAldrich (St. Louis, MO, USA). Zn (Grillo-WerkeAG, Germany), AgO (AmesGoldsmith, 

SouthGlens Falls, NY, USA), the flexbile alkaline separator (FAS), and polyethylene (PE, 

Solupor, Lydall Inc., Manchester, CT, USA) separator were obtained from Riot Energy LLC 

(Agoura Hills, CA 91301, USA). The electrode binder fluorocopolymer (GBR-6005, 

poly(vinylfluoride-co-2,3,3,3-tetrafluoropropylene)) was obtained from Daikin US Corporation 

(New York, NY, USA). tyrene-ethyl-butylene-styrene, (SEBS or G1645) was obtained from 

Kraton (Houston, TX, USA). Graphite powder was purchased from Acros Organics (USA). All 

reagents were used without further purification.  

Electrode preparation: The fabrication of the Zn and AgO electrodes was adapted from 

previous work with minor modifications.4 Firstly, a binder resin was prepared by dissolving 1 g 

fluorine rubber in 2.75 g acetone. The anode slurry was prepared by mixing 1 g Zn powder and 

0.1 g Bi2O3 powder with 0.275 g binder resin in a planetary mixer (Flaktak SpeedmixerTM DAC 

150.1 FV) at 1800 rotations per minute (rpm) for 5 min. The cathode slurry was prepared by 

mixing 1 g AgO powder with 0.5 g binder resin in a planetary mixer at 2250 rpm for 10 min. The 
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slurries were cast using film casters graduated at 1000 μm, cured at 60 °C for 30 min, and 

trimmed into 2 × 2 cm2 squares for subsequent use.  

Gel preparation: The synthesis of the polyacrylamide-polyethylene oxide (PAM-PEO) 

hydrogel was prepared by firstly dissolving 1 g of acrylamide, 0.25 g PEO (M.W. ~400 kDa), 10 

mg N,N’-methylene bisacrylamide (MBAA) crosslinker, and 25 mg potassium persulfate 

initiator in 5 ml of deionized water as the gel precursor. The precursor was then placed into a 

covered glass Petri dish and heated at 90 °C for 10 min for crosslinking. The cross-linked gel 

was soaked in the corresponding hydroxide solution (10 M KOH or NaOH + 0.5 M LiOH) 

overnight and trimmed into 2× 2 cm2 squares for subsequent use.  

Cell fabrication: Primary cells were fabricated by stacking and sealing components in 

the following configuration: nylon, SEBS, Cu current collector (CC), Zn anode, cellophane, 

PAM-PEO gel, cellophane, polyethylene (PE) separator, AgO cathode, Au/Ni CC, SEBS, nylon. 

For each cell, both current collectors were cut into 2 × 2 cm2 squares with 0.75 × 3 cm2 

protruding tabs allowing for electrical contact. The current collectors were then attached to the 

SEBS substrate by applying epoxy to the tab region. Cellophane sheets were trimmed into 

appropriate size and soaked in the liquid electrolyte (10M NaOH, 0.5M LiOH) along with 450 

mg of Zn anode. For the anode stack, soaked Zn electrode with a layer of cellophane and 650 mg 

of PAM-PEO gel was added to the Cu CC atop. For the cathode stack, 0.6 g of AgO electrode 

was first prepared with both sides wetted by liquid electrolyte. Then, the AgO cathode was set 

onto the Au/Ni CC with a layer of PE and two layers of cellophane sheets stacked orderly on top 

of the electrode. The anode and the cathode stack were joined together as the aforementioned 

configuration. Next, the assembled cell was heat sealed and vacuum sealed along the CC edges. 
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Finally, a 2 × 2 cm2 nylon strip was prepared and sealed onto the SEBS to complete the primary 

cell. 

Secondary cells were fabricated based on previous work5 by stacking and sealing components in 

the following configuration: Nylon, SEBS, Cu current collector (CC), Zn anode, gel electrolyte, 

FAS, cellophane, gel electrolyte, cellophane, polyethylene (PE) separator, AgO cathode, Au/Ni 

CC, SEBs Nylon. Both CC were cut into a 2 × 2 cm square with a 0.75 × 5 cm2 protruding strip 

and then pasted on to a 4 × 4 cm2 SEBS with epoxy. 0.324 g AgO cathode was placed on top of 

the Au/Ni CC + SEBS, and then 25 µL electrolyte was dropped at the center of the AgO sheets. 

PE separator, gel electrolyte and cellophane were stacked in order on top of the AgO sheets. 

0.715 g Zn anode was placed on top of the Cu + SEB CC. Then gel electrolyte was placed on top 

of the anode strips and 10 µL electrolyte was dropped on top of the gel. Afterward, a 3 × 3 cm2 

FAS was placed on top of the gel electrolyte and vacuum sealed onto the SEBS. Once both 

anode and cathode components were fabricated, both parts were vacuumed sealed along the CC 

edges to form the secondary cell. Finally, 5 × 5 cm2 nylon strips were sealed onto the SEBS to 

finish the secondary cell.  

Cell cycling: The primary cells were discharged at 2 mA using Landt Instrument 

CT2001A. The secondary cells were charged with constant current at desired currents with 

voltage limit at 2 V and discharged with desired currents and voltage limit at 1.35 V using 

Neware battery cycling system. 

Galvanostatic electrochemical impedance spectroscopy (GEIS): The GEIS was 

carried out in a three-electrode setup on secondary cells with additional Zn reference electrodes 

inserted between the anode and. The EIS was performed at galvanostatic mode with the desired 

background direct current (DC) bias (2, 5, 10, 25 mA) and 1 mA alternating current (AC) 
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perturbation, from 1 MHz to 0.1 Hz with 10 points per decade cathode using a Metrohm Autolab 

PGSTAT128N potentiostat. The obtained data was fitted using MATLAB zfit function. 18 

Inductively coupled plasma mass spectroscopy (ICP-MS): All the layers from the cells 

were soaked in concentrated 67% nitric acid overnight. The solutions obtained from soaking 

were diluted with water by 1000 times with 2% nitric acid for ICP-MS. The ICP-MS was 

conducted with a Thermo Fisher iCAP RQ. Three samples were collected for each condition. 

Scanning electron microscope (SEM): The SEM was taken with a FEI Apreo with 10 

KeV and 0.5 nA. The samples were rinsed with DI water and air dried before SEM. 

Raman spectroscopy: Raman spectra were taken using a Renishaw Raman/microPL tool 

with a 532 nm excitation laser, 1200 mm grating, 10 s dwell time and 100% power.  

UV-Vis spectroscopy: UV-Vis spectra were taken using Shimadzu UV 2450. Samples 

with silver oxide were taken against corresponding blank electrolyte as baseline. 

X-ray absorption spectroscopy (XAS): XAS was carried out at APS 9-BM. Precipitants 

were scraped off separators from cells and diluted with polyethylene oxide powder (MN=6000). 

The solids were ground with mortar and pestle and mixed using Thinky mixer at 2000 rpm for 5 

min. Then solids were pressed into pellets using a hydraulic press. The energy was calibrated 

such that the maximum of the first derivative of the L2-edge absorption spectrum from a Pd-foil 

was set to 3330 eV. A Si (111) double crystal monochromator was used for the experiment. The 

beam was focused by a Pt/alumina coated toroidal mirror and harmonics were rejected by a flat 

silicon mirror. Fluorescence was collected with a four-element silicon drift detector. Three scans 

for each sample were taken and averaged out. Each scan was 20 minutes. 

X-ray photoelectron spectroscopy (XPS): XPS samples were taken using Kratos Supra. 

Samples of cathodes were rinsed with DI water and dried. Separators from cells were dried 
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before XPS measurements. An Al anode source at 15 kV with a 10-8 Torr vacuum level was 

applied for measurement. The step size for Survey scans was 1.0 eV, followed by high-resolution 

scans with a step size of 0.1 eV. C 1s peak at 284.6 eV was used for calibration. 
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Results and Discussion 

 
Figure 3.1. (a) Schematic of primary Zn-AgO cell. (b) Silver dissolution mechanism. (c) 
Capacity loss of primary cells after 2, 4 and 6 weeks at room temperature. (d) Discharge curves 
of cells at 2, 4 and 6 weeks. (e) Total amounts of dissolved silver in all the layers between two 
electrodes dissected from the primary cells stored and discharged for 2, 4 and 6 weeks. The 
stored cells were stored in room temperature until ICP-MS measurement, while the discharged 
were discharged at 0.5 mA/cm2 before ICP-MS measurement. The right axis is the calculated 
capacity percentage corresponding to the amount of silver. 

To block the crossover of dissolved silver species in the AgO-Zn primary cell, PE and 

cellophane separators were positioned between AgO cathode and Zn anode as shown in the 

schematic in Figure 1a. The PE separator is a microporous film that blocks the diffusion of large 

particles, and the cellophane reduces silver species to silver metal and traps them inside the 

films.14 It is to be noted that even though the PE separator and cellophane block the crossover of 

active material, they cannot stop the reaction of the cathode with electrolyte. As illustrated in 

Figure 1b, the reaction between cathode and electrolyte during self-discharge is a two-step 

reaction, where the high-oxidation-state AgO reacts with water to form Ag(OH)2, and then 
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reduce to Ag2O or reacts with OH- to form [Ag(OH)2+x]-x
 which dissolves into electrolyte and 

gets lost.11,12  

Due to the spontaneous reaction between cathode and electrolyte, the self-discharge 

caused a significant capacity loss. For 3 cells each stored for 2, 4, and 6 weeks at room 

temperature, the average capacity loss measured from discharging the cells was 4.8%, 14.8%, 

and 18.5% respectively as shown in Figure 1c. The corresponding discharge curves in Figure 1d 

showed similar shapes except for more capacity loss for cells stored for more weeks. To quantify 

the dissolved silver, we measured the silver amount within the separators between two electrodes 

in the cell using ICP-MS. We stored two sets of cells with and without discharge at the end of 

storage for 2, 4, and 6 weeks. The discharged cells were discharged for five days before the end 

of storage time. Figure 1e shows that the amount of dissolved silver and corresponding capacity 

percentage increase for both stored cells and discharged cells at 2, 4, and 6 weeks. The more 

silver dissolution in stored cells could be attributed to the facts that they stayed longer at higher 

oxidation state or that the complexation was reversed on the cathode surface in the discharged 

cells. The calculated percentages of capacity loss based on amounts of dissolved silver are shown 

on the right axis in Figure 1e. Comparing the capacity percentages calculated from the amount 

of dissolved silver against the ones from discharge curves, silver dissolution took a non-

negligible part in self-discharge and increased over 6 weeks. With loss of 2.2% of cathode active 

material per month, even though the rest of the self-discharge caused by self-discharge can be 

recovered,5,19 the cell would lose an unrecoverable 26.4% capacity in a year solely from silver 

dissolution. This percentage of capacity loss weakens the competitiveness of AgO-Zn batteries 

against common primary cells at 1% self-discharge per year.20 Thus, silver dissolution is a major 

issue to be investigated and mitigated for a longer shelf life of primary cells. 
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Figure 3.2. (a) SEM images of cathode surface in pristine state (i), stored for 2 weeks (iii) and discharged 
after 12 days of storage at room temperature (v); EDS line profiles of Ag and F signals across the pristine 
(ii), stored (iv) and discharged (vi) cathode as shown by the red-dot line in the SEM images. Scale bar, 
5μm. (b) (i) Raman spectra of pristine cathode and cathode from a primary cell that stored at full capacity 
for 2 weeks at room temperature. (ii) Gaussian fit of peaks around 467 cm-1. (c) XAS spectra of PE 
separators from cells that were discharged to first plateau after storing for 2 weeks and stored for 2 weeks 
at full capacity, powder of Ag2O and AgO. Inset figure is zoomed-in view around the pre-edge peaks. (d) 
XPS spectra of AgO powder (black), PE separator of Zn-AgO cells stored for 2 weeks (blue) and 
discharged after 12 days of storage at room temperature. The dots are raw data, and the solid lines are 
fitted results. The areas under the curves are fitting components of Ag(I), Ag(III), Ag plasmon and Ag 
satellite. 
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The silver dissolution mechanism was revealed by observing morphological change and 

chemical environment after storage and discharge. As shown in pictures of dissembled layers in 

Figure S1, the PE separator and first two layers of the cellophane turned black after storage 

because silver dissolved into the electrolyte and was trapped in the PE separator and cellophane. 

The cathode surface also went through morphological changes after reacting with the electrolyte.  

As shown in scanning electron microscopy (SEM) in Figure 2a(i, iii and v), the surface of the 

pristine cathode was composed of smooth, uniform particles whereas the cathode from stored 

and discharged cells showed roughened surfaces. The elemental distribution acquired from 

energy dispersive spectroscopy (EDS) in Figure 2a uncovers the change: the pristine cathode 

has AgO particles bond with fluorine-containing GBR binder in Figure 2a(ii); in the stored cell 

(Figure 2a(iii and iv)), the surface of the cathode is coarsened, and the Ag-containing active 

material is separated from the fluorine-containing binder; in the discharged cell as shown in 

Figure 2a (v and vi), the surface is predominant with bigger sizes of pores while the signal of 

Ag and F do not trace with each other completely. The surface coarsening and separation 

between active material and binder are caused by the dissolution of AgO. 

From the perspective of the chemical environment, the cathode undergoes a series of 

changes during storage or discharge. In Figure 2b(i), the Raman spectra show that the profile of 

the pristine surface completely matches that of AgO while the stored cathode surface matches 

that of the reduced Ag2O.21 The peak around 467 cm-1 of the stored cathode in Figure 2b(ii), 

corresponding to the B2g mode of AgO, shifted to a lower wavenumber than the pristine cathode, 

suggesting the formation of [Ag(OH)2+x]-x
 complexes since OH- ligands with shielding effect 

shortens the bonds in B2g mode. Together, the observation of color change in different layers, 
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and cathode morphological and chemical change are evidence of the mechanism proposed in 

Figure 1b.  

After leaving the cathode surface, the dissolved silver species from the cathodes will also 

travel through the PE separators and be reduced to Ag in cellophane.14 Since the PE separator 

acts as a microporous layer with no reactions with active materials, analyzing the silver species 

on the PE separators can help identify the dissolved silver species, which further reveals the 

silver dissolution mechanism. The X-ray Absorption Spectroscopy (XAS) in Figure 2c compares 

the oxidation state of the PE separator in a cell stored for two weeks versus a cell partially 

discharged to lower voltage matching Ag2O as shown in Figure S2. Reference standards of AgO 

and Ag2O were also measured for comparison. The XAS spectra of the separator from a stored 

cell showed that dissolved silver species after two-week storage still have the same oxidation 

state as AgO with an absorption edge close to 3365 eV.22,23 However, the pre-edge of the 

separator is broader than the reference standard AgO, and the relative intensity of the features of 

the separator in the range of 3350-3400 eV is different from AgO as well. Both differences 

suggest the formation of a ligand bond to the Ag atom.24 Combining the oxidation state extracted 

from XAS and chemical environment change observed in Raman spectra, the complex is 

[Ag(OH)2+x]-x.21 For the separator from the partially-discharged cell, the oxidation state is the 

same as Ag2O, which is possibly [Ag3O(OH)2]- according to literatures .
11,25 XPS was also used 

to examine the chemical state of the surface of separators as shown in Figure 2d. The side of the 

PE separator facing the cellophane was measured to make sure only the dissolved silver species 

were detected. The references standard AgO powder has two peaks of Ag 3d 3/2 at 374.5 eV and 

3d 5/2 at 368.0 eV, which each compose of Ag(I) and Ag(III) peaks.26–28 Since XPS measured 

the silver species on the surface of the PE separator on the side touching the cellophane, only 
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Ag(III) was detected for separators from both stored and discharged cells in XPS since Ag(I) is 

more easily reduced to Ag metal than Ag(III).29 The chemical analysis of XAS, Raman and XPS 

together confirms the formation of [Ag(OH)2+x]-x during cathode dissolution. 

 

 
Figure 3.3. (a) Ag amount in each layer from NaOH primary cells stored and discharged in two 
weeks at room temperature. The schematic details the primary cell configuration (b) Ag amounts 
in KOH primary cells. (c) Ag amounts in reverse configuration in which the PAM:PEO moves 
closer to the cathode. (d) Total amounts of Ag in the all layers in each case in (a, b and c).  

 
Besides understanding the mechanism of silver dissolution in primary AgO-Zn cells, we 

observed the distribution of dissolved silver in each layer of the cell regarding different 

electrolytes and cell configurations. For regular configuration as shown in Figure 3a, the stored 

cells have more dissolution than discharged cells because the cathodes in stored cells were at 

higher oxidation state AgO (Ag2(I, III)O2) over 14 days, which is more prone to silver 

dissolution. To compare KOH against NaOH, the amount of silver in each individual layer was 
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quantified by ICP-MS, which showed that most dissolved silver was trapped in the PE separator 

and the first two layers of cellophane (Figure 3a-b). Compared with NaOH cells, KOH caused 

more silver dissolution, given that KOH is a stronger base to facilitate the complexation of 

Ag(OH)2 to [Ag(OH)2+x]-x.30 The other possible factor is the restricted water accessibility: the 

K+, compared with Na+, is associated with fewer water molecules due to the shielding effect and 

allows better water accessibility for the silver species. The water accessibility effect was further 

tested with soaking cathodes in different concentrations and combination of KOH and NaOH 

(Figure S3). The peak around 280 nm in UV-Vis spectra is reported to be Ag nanoparticles as 

shown in Figure S3a, which is used as an indicator of silver dissolution.31 We found that the 

silver dissolution increases with the electrolyte concentration until 8 M, and then decreases at 

higher concentrations. At each concentration, KOH has the highest amount of silver dissolution 

while NaOH has the lowest, which confirmed the ICP-MS results. The self-discharge of cells in 

different electrolyte were consistent with the trend as shown in Figure S4 and S5. Compared 

with 8 M electrolytes, 10 M electrolyte has less silver dissolution and self-discharge due to the 

limited water accessibility at high concentration. This observation suggests either using weaker 

bases as electrolytes or limiting the water accessibility to reduce silver dissolution. It is worth 

noting that when selecting lower electrolyte concentrations or weaker bases, the stability of the 

Zn anode can be negatively affected.9 When choosing electrolyte and deciding electrolyte 

concentration, we need to consider the tradeoff among electrolyte conductivity, reactivity with 

cathode and self-discharge.4 

Apart from electrolyte, the cell configuration also affects the silver dissolution. By 

moving the cellophane away from and PAM:PEO gel closer to the cathode, most of dissolved 

silver was found in PAM:PEO instead of cellophanes (Figure 3c). Since there is abundant 
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electrolyte in the PAM:PEO gel, the proximity to the PAM:PEO gel was able to facilitate the 

reduction of Ag(OH)2 to Ag2O and thus hinder the complexation of Ag(OH)2, resulting in more 

self-discharge in this cell configuration as shown in Figure S5 and less silver dissolution in 

Figure 3d. Thus, to reduce cathode dissolution and reduction simultaneously for long-term 

storage of primary cells, the key is to limit the generation of Ag(OH)2 intermediates, which could 

be addressed with strategies such as limiting the free water accessibility by optimizing polymer 

composition or additives within the gel, which is similar to restrict water accessibility for Zn 

anodes.9  
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Figure 3.4. (a) schematic of secondary Zn-AgO cell. (b) Capacity-voltage curves of PAM:PEO 
cells cycled at C/10, C/5 and C/2 for two weeks. (c) total amount of dissolved Ag and 
corresponding capacity loss of secondary PAM:PEO cells stored, stored, cycled at C/10, C/5 and 
C/2 for two weeks. (d) Ag amounts in each layer in PAM:PEO cells. 

 
Similarly, silver dissolution is of great concern for secondary cells due to the irreversible 

loss of cathode material which eventually reduces the cell stability and capacity retention. Here 

we test the secondary cells with the same PAM:PEO gel and different cell configuration as 

shown in Figure 4a. The cell geometry of secondary is different from primary with the use of 

KOH as electrolyte as well as the addition of FAS to further stop the traveling of Zn and Ag 

across to the other electrode. The effect of C rate on silver dissolution was examined by cycling 
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the cells at different rates over 14 days. The typical capacity-voltage curves of each rate (n = 3) 

are shown in Figure 4b. For rates higher than C/10, the cells were cycled at C/10 for 10 cycles to 

complete the formation of cells first and then cycled at the desired rates. The cycling for all the 

cells was stopped right after the charging cycle to restore the cells to the charged state for 

comparison. The stored secondary cells have the highest amount of silver dissolution due to that 

the cathodes stayed at the high oxidation state of AgO throughout the 14 days, which is 

consistent with the observation of primary cells. The cells cycled at a higher C rate show less 

silver dissolution as shown in Figure 4c. Looking at the distribution of dissolved silver, we see 

that the dissolved silver is mainly in PE separator, cellophane and gel, blocked by FAS to travel 

further into the anode side as shown in Figure 4d.  
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Figure 3.5. (a) SEM images if cathode from secondary Zn-AgO cells that are pristine(i), cycled 
at C/10 (ii), C/5 (iii), C/2 (iv) and stored over two weeks. Scale bar, 5μm. (v). (b) Ag3d (i) and 
O1s (ii) spectra of cathodes from pristine, cycled at C/10, C/5, C/2 and stored cells. (c) (i) Raman 
spectra of AgO B2g peak around 467 cm-1 of pristine cathode and cathodes cycled at C/10, C/5 
and C/2. Dots are raw data, and lines are Gaussian fit. (ii) Fitted peaks and their confidence 
intervals at 95% of cathodes. (d) (i) GEIS of three-electrode Zn-AgO cell at 0, -2, -5, -10 and -25 
mA with AgO cathode as working electrode, Zn anode as counter electrode and Zn strip as a 
reference electrode to observe the cathode. The inlet is the circuit (e) Schematic of C-rate effect 
on silver dissolution. 

 
By closely examining the cathode-electrolyte interface, the C-rate effect on silver 

dissolution can be understood from perspectives of morphology, surface chemistry and diffusion 

kinetics, which are inherently determined by the two-step reaction. Cathodes were taken out 

from cells for characterization after charged Morphologically, the cathode surface became 
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coarser with higher C rate. The granular shapes of AgO in the pristine cathode became rougher, 

and large pores around 10 μm appeared in the cell cycled at C/2 as shown in Figure 5a, which 

was caused by higher current density changing the cathode surface more drastically. At high C 

rate, this coarse surface exposed more surface area, where the Ag(OH)2 reduces to Ag2O more 

easily. As for the stored cell, the silver dissolution slowly etched away the cathode material from 

the electrode, exposing more binders to the surface. 

XPS was applied to pristine, cycled and stored cathodes. In Ag 3d spectra as shown in 

Figure 5b(i), with the Ag(I), Ag(III) and Ag plasmon peak in the pristine cathodes. The cycled 

and stored cathodes all have a different peak at 372.4 eV, which confirms the formation of Ag 

complex on the cathode surface due to the silver dissolution.32 The intensity of the Ag complex 

peak increases with C rate as shown by ratios of peak areas between Ag(I, III) and Ag complex 

in Figure S6a, indicating more complex formation on the surface at higher C rate. In O 1s 

spectra (Figure 5b(ii)), the peaks are ascribed to OH-, O2
- and H2O.28 At higher C rates, more 

OH- peak around 532.5 eV was detected (Figure S6b) suggesting more formation of silver 

hydroxide complex. Similarly, in Raman spectra in Figure 5c, given that the peak shift of AgO 

B2g peak at 467 cm-1 is due to the formation of [Ag(OH)2+x]-x
, the further shift to lower 

wavenumber at higher C rates demonstrates longer bonds formation, suggesting more formation 

of [Ag(OH)2+x]-x. The full spectra can be found in Figure S7. Even though there is more 

formation of [Ag(OH)2+x]-x
 on the cathode surface at higher C rate, the amounts of dissolved 

silver in other layers of the cell measured by ICP-MS (Figure 4c) showed that there is less silver 

dissolution, which could be understood from diffusion kinetics. 

Diffusion kinetics measured through EIS confirms the two-step reaction and explains the 

C-rate effect during discharge. A phenomenon that can be observed in the two-step reaction is 
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that the voltage increases initially and then drop when applied with a constant current,33 which 

was observed in the Zn-AgO three-electrode cell. Figure S8 shows the chronoamperometry of a 

pouch cell in a three-electrode setup to observe the electrochemical reaction on the cathode. 

Under higher C-rate or higher discharging currents, the voltage response has an initial increase 

and then decrease before becoming stable, which supports the two-step reaction for reduction of 

AgO to Ag2O. In galvanostatic electrochemical impedance spectroscopy (GEIS), the three-

electrode cell were measured at different DC current of 0, -2, -5, -10 and -25 mA, which 

corresponding to 0, C/25, C/10, C/5 and C/2. The curves of cathode vs. reference electrode 

appear to be a semicircle at high frequency, followed by a negative inductive loop before the 

low-frequency diffusion tail. The negative loop is associated with the two-step reaction,33 which 

composes of negative R2 and C as shown in the Figure 5d. The increased series resistance is 

consistent (Figure S9) with the observation of rougher surface under SEM. As the discharging 

current increases, the negative loop shrinks in size, suggesting the fast consumption of the 

intermediate species. The diffusion time constant τFLW of finite length Warburg decreases with 

higher current as shown in Figure S9. The stronger diffusion at a higher current will favor the 

reduction of the intermediate phase Ag(OH)2 to Ag2O.17 As shown in Figure 5e, at higher 

cycling rate, the cathode surface is rougher which results in more generation of the intermediate 

phase. The rougher surface and stronger diffusion together quickly consumes intermediate 

Ag(OH)2, slowing down the competing complexation reaction. In the meantime, at higher C rate, 

the generated silver hydroxide complex is more localized at cathode surface because of the 

rougher surface and limited diffusion,17  resulting in less silver dissolution into other layers of the 

cells.  This observation suggests that future remedies such as modifying the cathode surface such 
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as coarsening the AgO particles may help enhance the reduction and hinder the dissolution in 

secondary cells. 

Conclusion 
In this study, we investigated the mechanism of silver dissolution in AgO-Zn battery and 

the factors that affect it. With evidence from chemical analysis on the cathode surfaces and 

dissolved silver species, the mechanism of silver dissolution is shown to follow a two-step 

reaction with intermediate phase Ag(OH)2 as a product of AgO reacting with water, which either 

dissolves into electrolyte as [Ag(OH)2+x]-x
 or reduces to Ag2O. To mitigate silver dissolution, the 

key is to reduce the formation of intermediate Ag(OH)2 and quickly consume the intermediate to 

avoid its further complexation. To reduce self-discharge and prolong shelf life of primary cells, 

strategies of using weaker bases as electrolytes or restricting water accessibility should be 

adopted. Optimization of concentration of alkaline in the electrolytes should be conducted with 

consideration of tradeoffs including conductivity of the electrolytes.4 To promote the reduction 

of AgO to Ag2O against silver dissolution, the cathode surface can be coarsened. Further studies 

on optimizing the cathode surface and searching for ideal electrolytes should be explored. 
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APPENDICES 

 
Figure 3.S1. pictures of each layer in pristine state, stored and discharged primary cells. (b) (i) 
Raman spectra of pristine cathode and cathode from a primary cell that stored at full capacity for 
2 weeks. 
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Figure 3.S2. Discharge curve of a cell discharged to lower plateau for XAS. 
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Figure 3.S3. (a) UV-Vis spectra of electrolytes after soaking with AgO cathodes for one week. 
Vertical line around 280 nm. (b) Average absorption at 280 nm of each electrolyte, 
corresponding to the wavelength at which Ag NPs are detected. 
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Figure 3.S4. Capacity loss of primary cells with different concentrations of 50%wt KOH/NaOH 
electrolytes in 2, 4 and 6 weeks. 
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Figure 3.S5. Capacity loss and discharge curves of cells in figure 3. 
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Figure 3.S6. (a) Ratios of peak areas between Ag complex and sum of Ag(I) and Ag(III) in 
cathodes from cells that were cycled and stored. (b) Ratios of peak areas between OH- and O2

- in 
cathodes from cells that were cycled and stored.  
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Figure 3.S7. Full spectra of pristine cathode and cycled cathodes at C/10, C/5 and C/2. 
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Figure 3.S8. Voltages as a function of time at constant currents of a three-electrode cell with 
AgO cathode as working electrode, Zn anode as counter electrode, and Zn metal as counter in 10 
M KOH and 0.5M LiOH. 
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Figure 3.S9. The fitted parameters of different currents are shown in (a) Rs, (b) R1, (c) R2, and (d) 
τFLW.  
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