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Introduction

P
roton conducting oxide (i.e., protonic ceramic) has 
been thought of as an ideal solid electrolyte for energy 
conversion and storage applications since Iwahara 
et al. reported the perovskite-type protonic ceramics 
represented by doped barium/strontium cerates and 

zirconates in the 1980s.1,2 Proton, as the charge carrier in protonic 
ceramics, possesses a much lower transport activation energy than 
oxide-ion, which has rendered protonic ceramics for extensive 
intermediate-temperature (IT, 400-700oC) electrochemical devices 
such as protonic ceramic fuel cells (PCFCs),3-7 reversible protonic 
ceramic fuel cells,8-10 and protonic ceramic membrane reactors.11

In the past four decades, significant effort has focused on discovering 
high-performance new protonic ceramic materials simultaneously 
possessing high proton conductivity and good chemical stability.12-17 
On one hand, doped barium cerate perovskite oxides usually showed 
high proton conductivity at intermediate temperatures. For example, 
BaCe0.8Gd0.2O3-δ showed a proton conductivity as high as 5×10-2 S/cm 
at 600oC18. However, low chemical stability under carbon dioxide and 
water vapor atmospheres ruled out the practical applications of doped 
barium cerate materials. On the other hand, doped barium zirconates 
(e.g., BaZr0.8Y0.2O3-δ) showed excellent chemical stability under the 
same atmospheres, whose proton conductivity, however, usually was 
much lower than their counterparts of doped barium cerates.19 The 
recent discovery indicated that the phase-pure solutions formed from 
doped barium cerates and doped barium zirconates (e.g., BaCe1-x-

yZrxYyO3-δ (BCZY)20-22, BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb7111)4, 
BaCe0.4Zr0.4Y0.1Yb0.1O3-δ (BCZYYb4411))5 successfully combined 
the high proton conductivity from doped barium cerates and the 
high chemical stability form doped barium zirconates together. The 
BCZY and doped BCZY perovskite oxides showed a compromised 
performance of good conductivity and improved stability and 
became the state-of-the-art protonic ceramic materials, which have 
been extensively used for the protonic ceramic electrochemical cells 
(PCECCs). 

While pursuing high-performance protonic ceramic materials, 
the proton conductivities for the same nominal compositions always 
showed a vast distribution according to the reports from different 
groups. This proton conductivity discrepancy became worse for 
the protonic ceramic materials with higher zirconium amounts in 
the perovskite oxide structure. For example, the summary of the 
proton conductivity for the typical protonic ceramic material of 
BaZr0.8Y0.2O3-δ (BZY20)23-32 (Fig. 1) showed that the conductivities 
broadly distribute in the range of 10-5-1 S/cm, which has almost five 
orders of magnitude difference. The well-accepted reasons for the 
conductivity discrepancy are the poor control of the microstructure 
(e.g., low relative density, small grain size, and impurities 
precipitated in the grain boundary regions) and the significant barium 
loss (e.g., barium dissolution to solvent during powder processing 
and barium evaporation during high-temperature firing) for the 
fabricated protonic ceramic parts due to the high firing temperatures 
intrinsically required by the refractory nature of the barium zirconate-
based materials. Therefore, in addition to the discovery of high-
performance protonic ceramic materials, the manufacturing of the 

state-of-the-art protonic ceramic materials into protonic ceramic parts 
(e.g., thin films) to achieve the desired microstructures for ensuring 
the stable high proton conductivity has been playing a decisive role 
for the practical application of protonic ceramics to energy conversion 
and storage devices. 

In this work, we will first summarize the conventional sintering 
methods for the manufacturing of protonic ceramics. After that, we 
will briefly review the state-of-the-art solid state reactive sintering 
(SSRS) method, which has found extensive applications for 
manufacturing the button cells to demonstrate the performance of 
the versatile PCECCs. Then, we will introduce the newest technique 
of rapid laser reactive sintering (RLRS) for fast and cost-effective 
sintering of protonic ceramics, which provides the possibility to 
manufacture PCECC stacks using additive manufacturing rapidly. 
Finally, we will briefly introduce the development of integrated 
additive manufacturing and laser processing (I-AMLP) technique to 
manufacture protonic ceramics. 

Conventional Sintering Methods
 
Many fabrication efforts have been pursued over decades to 

achieve protonic ceramic parts (e.g., pellets and thin films) with 
high relative density and desired microstructures. The conventional 
ceramic processing method of solid state sintering of shaped parts 
from solid state reaction derived phase-pure protonic ceramic 
powders usually need sintering temperatures higher than 1,700-
1,800oC and sintering time longer than 10h to achieve the required 
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Fig. 1. Summary of some proton conductivity data for the typical protonic 
ceramic BZY20 fabricated by different methods in different research groups. 
The data for plots of 1-11 came from References 23-32 respectively.
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relative density, which, however, inevitably resulted in severe barium 
loss and low proton conductivity.20 The two-step sintering method, 
typically consisting of a high-temperature sintering step for a short 
time (few minutes) to achieve critical density and a followed low-
temperature sintering step for a long time to fulfill the desired grain 
growth, improved the microstructure of proton ceramics and achieved 
decent proton conductivity. However, the two-step sintering method 
still could not coherently avoid the high sintering temperatures and 
extended sintering time.33 The protection by using pure oxygen and 
complicated powder (mixture of barium carbonate and protonic 
ceramic powders) bath and using wet-chemistry derived high-
qualify phase-phase protonic ceramic powder are effective methods 
to prepare dense protonic ceramic pellets with high relative density 
and increased grain size, which, however, still required a sintering 
temperature higher than 1,600oC and sintering time longer than 20h.31 
The spark plasma sintering (SPS) technique was a powerful tool to 
achieve high ceramic relative density while limiting the grain size 
growth.34 The SPS method usually resulted in high relative densities 
for protonic ceramic pellets, which showed a comparable proton 
conductivity to the samples obtained from the conventional sintering 
method. However, the SPS tool is still confronting equipment 
complexity, high cost, and limitation of sample geometries, making 
it challenging to utilize for the manufacturing of protonic ceramic 
devices practically. The pulsed laser deposition (PLD) technique 
showed the capability to achieve dense epitaxial thin films and 
demonstrated the high proton conductivity and promising fuel cell 
performance.30 However, the PLD technique needs to address similar 
challenges as the SPS technique before its practical application. 

Therefore, it is not hard to figure out that most of the sintering 
methods mentioned above are not so useful for the fabrication of 
PCECCs comprised of the anode, electrolyte, and cathode layers 
because of the high temperature, long time, or equipment complexity 
or limitation, and difficulty to integrate with conventional ceramic 
shaping techniques such as tape casting, screen printing, and 
extrusion. 

Solid State Reactive Sintering
 
In 2005, Haile et al. reported adding some specific transition 

metal oxides (e.g., ZnO, NiO, CuO) to phase-pure BaZr0.85Y0.15O3-δ 
(BZY15) synthesized by the combustion method achieved relative 
densities higher than 90% at 1,300oC, which were 300-400oC lower 
than the conventional densification for barium zirconate-based 
protonic ceramics.35 After that, doped barium cerates and zirconates 
perovskite-type protonic ceramics showed improved sinterability 
while adding ZnO as an extra sintering aid or a component of the 
perovskite structure.21, 25, 36 Inspired by this pioneering work related 
to improving sinterability for phase-pure perovskite-type protonic 
ceramics by ZnO, in 2010, Tong et al. developed the solid state 
reactive sintering (SSRS) method for sintering protonic ceramics 
at moderate temperatures (<1,500oC) directly from cost-effective 
raw materials of carbonates and single metal oxides.37 With the 
fabrication of BZY20 as an example, Fig. 2 schematically describes 
the SSRS processes. The SSRS consisted of ball milling of the 
raw material precursor mixture, dry pressing of green pellets, and 

moderate-temperature sintering of green pellets to achieve final 
sintered pellets. With the help of a small amount of sintering aid 
(e.g., NiO), the SSRS method combined the phase formation, pellet 
densification, and grain growth into a single moderate-temperature 
sintering step. The SSRS method then showed success for most of the 
popular perovskite-type protonic ceramic materials of yttrium doped 
barium cerate (BaCe0.8Y0.2O3-δ)38, yttrium-doped zirconates (e.g., 
BaZr0.9Y0.1O3-δ)39, yttrium doped barium cerate and zirconate (e.g., 
BaCe0.6Zr0.3Y0.1O3-δ

39, BaCe0.2Zr0.7Y0.1O3-δ
40), and ytterbium and yttrium 

co-doped barium cerate and zirconate (BaCe0.7Zr0.1Y0.1Yb0.1O3-δ).41 
The further mechanism study by Tong et al. indicated that the 
intermediate phase (e.g., BaY2NiO5) formed between the sintering 
aid single metal oxide and the proton components introduced a partial 
liquid sintering became the main reason for lowering the sintering 
temperature of protonic ceramics. The screening of 15 single metal 
oxides as sintering aids for BaCe0.6Zr0.3Y0.1O3-δ

39 showed that single 
metal oxides could form a solution with BaZrO3 and introduce a 
large amount of oxygen vacancy and electronic conductivity, which 
could work as useful sintering aids (e.g., NiO, ZnO, CuO, and CoO). 
This screening also proved that the sintering aids of Fe2O3 and MnO2 
could partially sinter the protonic ceramics, which could manufacture 
porous protonic ceramic scaffolds. Therefore, as described in Fig. 3, 
the SSRS method could not only achieve fully densified and large-
grained electrolytes but also could achieve a porous electrode scaffold 
with the desired porosity and small grain size. 

Recently, Tong et al. also demonstrated the cost-effective and 
facile fabrication of PCFCs by the SSRS method.3 As indicated in 
Fig. 4, the SSRS method could fabricate half cells consisting of anode 
support and electrolyte thin film, and single cells consisting of anode 
support, electrolyte thin film, and cathode scaffold thin layer by 
adjusting different kinds of sintering aids or poreformers. The SSRS 
significantly simplified the fabrication process for the manufacturing 
of PCFCs from cost-effective raw materials. The PCFCs fabricated 
by the SSRS method showed peak power density higher than 
450mW/cm2 at 500oC and stable operation longer than 1,100 h. After 
this successful device performance demonstration, the SSRS method 
has shown extensive successes for PCECCs, such as PCFCs, PCECs, 
protonic ceramic membrane reactors, reversible PCFCs, and solid 
state ammonia synthesis. Table 1 summarizes several representative 
applications that utilized the SSRS method to fabricate the whole or a 
part of the devices and the representative performance.3, 7, 42-49

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic description of solid state reactive sintering (SSRS) 
procedure with the fabrication of BZY20 pellets as an example.

Fig. 3. SEM images of the fractured cross-sections of BaCe0.6Zr0.3Y0.1O3-δ 
(BCZY63) pellets were fabricated by using the SSRS method at 1,450oC for 
12h with ZnO and MnO2 as sintering aids. (Adapted from Fig. 3 in Reference 
39 with copyright permission.)

Fig. 4. Schematic description of the fabrication of (a) protonic ceramic 
half cells BCZYYb+NiO anode | BCZYYb electrolyte and (b) single cells 
BCZYYb+NiO anode | BCZYYb electrolyte | BCZY63 cathode scaffold by 
using the SSRS method. (Adapted from Fig. 2b and Fig. 2c in Reference 3 
with copyright permission.)
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Therefore, we can conclude that SSRS is the state-of-the-
art sintering method for the manufacturing of PCECCs cost 
effectively. However, the cofiring of anode and electrolyte can 
still not independently optimize the electrolyte and electrode 
microstructures. The long-term furnace sintering still cannot satisfy 
the rapid consolidation of each layer for additive manufacturing. 
Furthermore, the sintering aid effect and the sintering mechanism 
need us to contribute more effort to achieve further progress of SSRS 
for commercial applications to manufacturing large-scale PCECCs. 

Rapid Laser Reactive Sintering

Although the SSRS technique has demonstrated great success 
for the fabrication of PCECCs, the long-term (>10h) cofiring of the 
electrolyte and electrode (e.g., anode cermet) at a high temperature 
(>1,400°C) is still an inevitable step, which makes the independent 
optimization of the component layers (e.g., dense and large-grained 
electrolyte and nanoporous electrode) impossible. Furthermore, 
the manufacturing of PCECC stacks has to follow complicated 
procedures: fabrication of half cells consisting of anode support and 
electrolyte thin film, cofiring of half cells, deposition of the cathode, 
firing the cathode, and assembly of self-supported thick single cells, 
which not only make it impossible to achieve high volumetric power 
density but also make the manufacturing complicated and expensive. 

In their most recent work, Tong et al. at Clemson University 
developed a so-called rapid laser reactive sintering (RLRS) method 
for fast processing protonic ceramics with the desired crystal 
structures, microstructures, and geometries.50-53 As schematically 
described in Fig. 5, the RLRS process consists of the preparation of 
printable paste from component raw materials (carbonate and single 
metal oxides) mixed with sintering aid, the deposition of a thin green 
film of the targeted protonic ceramics, and the reactive sintering 
by rapid CO2 laser scanning. Like the SSRS, the phase formation, 
densification, and grain growth for achieving protonic ceramic 
electrolyte thin films could integrate into a single laser sintering step. 
However, the RLRS method has several apparent advantages over 

the SSRS: short processing time (seconds/minutes versus several 
hours), selectively sintering of pre-programmed regions allowing 
independent processing of different component layer, and easy 
controlling of microstructures (grain boundary-free and epitaxially 
grown dense electrolyte thin films and nanoporous electrodes or 
electrode scaffolds) by adjusting laser operation parameters and 
sintering aids. 

Tong et al. extensively applied the RLRS technique for 
processing the state-of-the-art protonic ceramics: dense electrolytes 
(BCZYYb+1wt%NiO, BCZYYb, BZY20+1wt%NiO, and BZY20), 
porous electrodes/electrode scaffolds (40wt% BCZYYb+60wt%NiO, 
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1), BaCe0.6Zr0.3Y0.1O3-δ (BCZY63)), 
dense interconnect (La0.7Sr0.3CrO3-δ/LSC), and dense mixed 
protonic and electronic-conduction composite (BaCe0.85Fe0.15O3-δ–
BaCe0.15Fe0.85O3-δ/BCF).51 Figure 651 summarizes the XRD patterns 
for the protonic ceramic thin films prepared by the RLRS. All the 
protonic ceramics achieved the desired crystal structures. The 
electrolyte, interconnector, cathode scaffold, and cathode all achieved 
phase-pure perovskite structures, same as those obtained by the 
conventional furnace sintering method. The XRD patterns for anode 
included the perovskite and nickel oxide phase without any other 
impure phases. Even the complicated dual perovskite hydrogen-
permeable membrane consisting of two different perovskite phases 
(BaCe0.85Fe0.15O3-δ–BaCe0.15Fe0.85O3-δ) was successfully achieved 
by the RLRS method. Figure 751 summarizes the SEM images of 

  Table l. Summary of some representative performance for PCECCs fabricated by SSRS.

Classes Sintered Materials Properties References

Pure Materials

BaCe0.4Zr0.5Y0.1O3-δ 6.08 × 10-3 S/cm 42

BaZr0.5Ce0.3Y0.2O3-δ 2.50 × 10-2 S/cm 43

BaZr0.5Ce0.3Dy0.2O3-δ 4.30 × 10-2 S/cm 43

BaZr0.84Y0.15Cu0.01O3-δ ~1.78 × 10-2 S/cm 44

PCFCs

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ ~650 mW/cm2 3

BaCe0.7Zr0.1Y0.1Sm0.1O3-δ 410 mW/cm2 45

BaZr0.8Y0.2O3-δ 660 mW/cm2 7

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ 237 mW/cm2 46

Hydrogen Permeation Membranes

BaZr0.80Y0.15Mn0.05O3-δ 0.8 mL/ min-1 cm-2 (1000oC) 47

BaZr0.8Y0.2O3-δ 4.3 × 10-8 mol cm-2 s-1 (900oC) 48

BaCe0.8Y0.2O3-δ - Ce0.8Y0.2O2-δ 0.0744 mL min-1 cm-2 (900oC) 49

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Paste/slurry preparation (b) Rapid 3D Printing (c) Rapid laser scanning

Fig. 5. Schematic description of the rapid laser reactive sintering (RLRS) 
process. (Adapted from Fig. 1 (Route 2) in Reference 51 (open access).)

Fig. 6. Summary of the XRD patterns of protonic ceramic parts prepared by 
the RLRS method. (Adapted from Fig. 2 in Reference 51 (open access).)
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the representative protonic ceramics of electrolyte, anode, cathode 
scaffold, cathode, interconnector, and hydrogen-permeable membrane. 
The protonic ceramic electrolyte films such as BCZYYb+1wt%, 
BZY20+1wt%NiO, the LSC interconnector, and the BCF hydrogen-
permeable membrane obtained by RLRS were all fully dense. With 
good control of the laser parameters, the 40wt%BCZYYb+60wt%NiO 
anode, BCFZY0.1 cathode, and BCZY63 cathode scaffold films 
demonstrated highly porous microstructures.

Furthermore, the RLRS method demonstrated the capability to 
sinter the top layer of the protonic ceramics parts selectively. Figure 
8a indicates that the dense BCZYYb electrolyte could be deposited 
on a pre-fabricated porous BCZYYb + Ni(O) anode substrate, 
which allowed the independently optimize the microstructures of 
the electrolyte and anode.53 Figure 8b indicates that the RLRS could 
achieve the fully dense BCZYYb electrolyte on a porous BCZYYb 
layer by a single laser scan of the thick BCZYYb film. The vertical 
temperature distribution caused by the limited laser beam penetration 
made this fabrication of graded microstructure possible.50 Figure 
8c indicates that one-step RLRS could also fabricate the half cell 
consisting of BCZYYb+NiO anode and BCZYYb electrolyte due to 
vertical temperature distribution51. 

In summary, the RLRS made it possible to process the 
component layers of the PCECCs with the desired crystal structures, 
microstructures, and geometries within instant time, which provides 
the potential to manufacture PCECCs and other ceramic devices using 
the rapid additive manufacturing technique. The selective sintering 

of specific locations not only improve the processability but also 
significantly lower the processing cost. The capability to control the 
microstructures by controlling laser operation parameters and protonic 
ceramic precursor composition makes it possible to fabricate PCECCs. 

Integrated Additive Manufacturing  
and Laser Processing

Although recently, the PCECCs have achieved the promising 
device performance at intermediate-temperature (400-700°C), most of 
those excellent results were from the limited-scale devices (e.g., button 
cell ≤1.0 cm2) due to the limitation of manufacturing techniques. The 
novel additive manufacturing (AM) technology starts from designing 
3D models of the objects by computer-aided design (CAD) software 
and then slices the models to successive cross-sectional layers. After 
that, the AM machines deposit these slices together to build the parts 
in a layer-by-layer fashion. Recently, the most successful examples 
focus on the manufacturing of polymers and metals/metal alloys 
because of the easiness and rapidness of consolidation or sintering 
of these materials. Although the AM of ceramics has also caught 
increasing attention, the successful AM of ceramic devices must 
solve the difficulty for achieving high accuracy due to the significant 
shrinkage, the difficulty for fulfilling crack-free rapid sintering due to 
the intrinsic brittleness, and the difficulty for depositing precise layers 
due to the heavy involvement of additive materials.

Fig. 7. Summary of SEM images of fractured cross-sections of protonic ceramic component films prepared by the RLRS method. (a) BCZYYb+1wt%NiO 
electrolyte, (b) BZY20+1wt%NiO electrolyte, (c) LSC interconnector film, (d) BCF composite film, (e) 40wt%BCZYYb+60wt%NiO anode, (f) BCZY63 cathode 
scaffold, and (g) BCFZY0.1 cathode. (Adapted from Fig. 3 and Fig. 4 in Reference 51 (open access).)

Fig. 8. SEM images of protonic ceramic half cells fabricated by using the RLRS method. (a) Independently RLRS deposition of BCZYYb electrolyte dense layer 
on the preprepared porous anode pellet, (b) one-step RLRS scanning of a thick BCZYYb film to prepare dense electrolyte layer on porous electrode scaffold, 
and (c) one-step RLRS scanning of a BCZYYb electrolyte | BCZYYb + NiO anode half cells. (Adapted from Fig. 2e in Reference 50 (open access), Fig. 5a in 
Reference 51 (open access), and Fig. 5e in Reference 53 with copyright permission.)
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The recently developed RLRS technique allowed the possibility 
to utilize AM technology for the manufacturing PCECCs. Tong 
et al. developed a new integrated additive manufacturing and laser 
processing (I-AMLP) technique at Clemson University to process 
protonic ceramics.54 The house-made I-AMLP station (Fig. 9a) 
consists of X-Y and Z stages, microextruders, a CO2 laser, a picosecond 
YAG laser, and a Galvano scanner. The I-AMLP system can perform 
advanced manufacturing of green or sintered ceramic parts smoothly 
by combining the 3D printing based on fast microextrusion (Fig. 9b), 
accurate subtractive manufacturing based on laser processing (Fig. 
9d), and in-situ consolidation based on high-energy laser sintering 
(Fig. 9e) and laser fast drying (Fig. 9c).

As summarized in Fig. 10, Tong et al. have shown that the I-AMLP 
method could work with the green and sintered protonic ceramic 
parts for intermediate-temperature protonic ceramic devices with 
various complex geometries and controlled microstructures. As a 
demonstration, the protonic ceramic pellets, cylinders, cones, rings, 
straight tubes with either closed bottom or top, and lobed-tube with 
closed bottom were successfully printed using the printable paste 
developed by us. NiO-BZY20 and NiO–BCZYYb anode, BZY20, 
BCZYYb electrolytes, triple conducting BCFZY0.1 oxygen/water 
permeable membrane materials, and BCF hydrogen-permeable 
composite membrane materials were involved. The effectiveness of 
laser drying, laser cutting, laser polishing, and laser sintering was 
demonstrated. Protonic ceramic parts of the 40wt% BZY20+6wt% NiO 
| BZY20+1wt% NiO tubular half cells, the BCFZY0.1 microchannel 
membrane, and the planar 40wt%BCZYYb + 60wt%NiO | BCZYYb 
+ 1wt% half cells were successfully prepared.

Therefore, we can conclude that the newly developed I-AMLP 
provided an effective advanced manufacturing technique for rapidly 
and cost-effectively manufacturing PCECCs, which has a significant 
commercial future. The same method can also be utilized for the 
manufacturing of ceramic devices, especially for those devices with 
complicated geometry or multilayer and multifunctions. 

Future Direction
 
The recent progress of manufacturing techniques for PCECCs 

such as SSRS, RLRS, and I-AMLP provided the possibility to rapidly 
and cost-effectively manufacture PCECCs on a large scale. The 
fundamental understanding of the mechanisms why these methods 
worked well need to be understood for further improving the method 
and expanded their applications to other materials systems. The 
demonstration of the I-AMLP for manufacturing PCECC stacks needs 
to contribute more effort. The understanding of the laser beam and 
materials need to be further pursued for providing manufacturing 
guidance. The new efficient design of PCECC devices can move 
further since the technique for manufacturing complicated and 
multifunctional ceramics becomes possible. 
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Fig. 9. I-AMLP system for the advanced manufacturing of ceramics. (a) 
Photo of I-AMLP system, (b) 3D printing based on microextrusion, (c) 
rapid laser drying during 3D printing, (d) rapid laser machining during 3D 
printing, and (e) rapid laser sintering of green layer. (Adapted from Fig. 1 in 
Reference 54 (open access).)

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Summary of the images or microstructures of green and sintered 
protonic ceramic parts manufactured by I-AMLP. (a) Green anode cylinders, 
(b) green anode cones, (c) green anode tubes with closed bottom end, (d) 
green anode with closed top end, (e) green anode tube with four lobes 
and closed bottom end, (f) green BCF tube with eight lobes introduced by 
laser cutting, (h) short green anode co-axial tubes with lobes introduced 
by laser cutting, (i) and (j) sintered BCFZY0.1 membrane with embedded 
microchannels, (k) sintered protonic ceramic half cells fabricated by 
microextrusion-based AM process followed by coating and sintering, (l) half 
cells fabricated by one-step RLRS method, (m) SEM image of the fractured 
cross-section of the half cells shown in (l), and the high-magnification SEM 
image of the electrolyte shown in (m). (Adapted from Fig. 3, Fig. 6a, c, d, 
Fig. 7a, and Fig. 8a, b in Reference 54 (open access).)
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