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Experimental methods

Synthesis of NZSP and NZMSP

The NZSP was synthesized by a sol-gel method. First, a solution containing tetraethyl
orthosilicate (TEOS), ethanol, and deionized water was prepared with a molar ratio of
1:10:20. Citric acid was then added to the solution under magnetic stirring at 60°C.
Stoichiometric quantities of NaNOs and ZrO(NOs)2 were dissolved into deionized
water and then added to the previous solution. 15% of extra NaNOs was added to
compensate for Na evaporation during sintering. After that, an (NH4)2HPO4 aqueous
solution was added to form a collosol. The collosol was stirred at 80°C until a white gel
was formed. Next, the gel was dried at 150°C before calcination at 900°C for 24 h. The
resulting white powder was ball milled, pressed, and then sintered at 1150°C for 24 h.
Finally, the sintered pellet was cracked and ball milled to obtain the NZSP powder.
NZMSP was synthesized using the same method, except that 10% of the ZrO(NO3)2

was replaced by Mg(NOs3)z.

Preparation of dense, porous, and bilayer pellets

Three types of pellets (dense, porous, and bilayer) were prepared in the current study.
The dense pellets were prepared by a process involving cold pressing and sintering. The
NZSP and NZMSP powders were uniaxially pressed into a disc with a diameter of 15
mm in a stainless-steel mold with a total load of 20 tons. The discs were then sintered
at 1150°C for 5 h on a ZrO: plate. This sintering condition was used for all experiments
unless otherwise specified. The prepared pellets were then reduced to desired

thicknesses. The porous pellets were fabricated by mixing in a mortar the



NZSP/NZMSP powder with various ratios of corn starch. The obtained mixture was
then pressed into a disc with a diameter of 15 mm in a stainless-steel mold under a total
load of 10 tons. The discs were then sintered to obtain porous pellets. Two different
methods were used to adjust the thickness of the dense part of the bilayer pellets. The
first one was standard co-pressing. Specifically, the NZMSP powder was first spread
on a stainless-steel mold. The NZMSP-corn starch mixture was then added above and
co-pressed (20 tons) into a disc with a diameter of 15 mm. The obtained disc was finally
sintered to realize a bilayer pellet. The second method, termed spray transfer, was used
to prepare an ultrathin dense layer. 1 g of NZMSP was first ball-milled in 20 mL of
ethanol for 24 h. Then, the obtained NZMSP/ethanol dispersion (1-4 mL) was sprayed
on a polyethylene terephthalate (PET) sheet (3 x 5 cm) on a 200 °C hot plate. The PET
sheet was then cut into discs with a diameter of 15 mm and placed on the bottom of the
stainless-steel mold. NZMSP-corn starch mixture was added on top of the disc and
uniaxially pressed into a pellet together under a total load of 20 tons. After that, the PET
was peeled off from the pellet. The disc was finally sintered to obtain a bilayer pellet

with an ultrathin dense layer.
Material characterization

XRD was performed on PANalytical Empyrean using Cu Ko radiation (A = 1.5406 A)
in the 20 range from 10 to 80° at an operation voltage of 40 kV and a current of 40 mA.
The pellets’ relative densities were measured using Archimedes’ method. SEM was
conducted using a JEOL-6390. EIS was carried out with an electrochemical workstation

(VSP-300, BioLogic) to measure the ionic conductivities of NZSP/NZMSP. The



NZSP/NZMSP pellets used in the EIS tests were coated with gold paste and heated at
700°C for 1 h to form Na-blocking layers. Silver wires were then attached

symmetrically before curing at 200°C for 4 h.
Membrane permselectivity tests

The permselectivity of an IEM is defined as the ability of the membrane to selectively
allow the transport of counter-ions (i.e., cations for CEMs and anions for AEMs) while
hindering the transport of co-ions (i.e., anions for CEMs and cations for AEMs). In this
study, it was measured using a two-compartment cell comprising a HS (e.g., 0.6 M
NaCl) and a LS stream (e.g., 0.02 M NaCl). Two Ag/AgCl reference electrodes were
placed in each compartment for testing electrical diffusion potential over the membrane
sample. The permselectivity (a) was calculated as the ratio of the experimental (Emeasured)

and theoretical (Etheorctical) potentials!-:

Emeasured
Oa=——
Etheoretical

__ @RT Cys
where Etheoretical - (

—- (- ) was obtained using Nernst equation. In the latter
LS

equation, a is the average membrane permselectivity of the ion exchange membranes,
R is the universal gas constant (8.314 J mol ! K1), T is the absolute temperature (296
K), z is the electrochemical valence, F is the Faraday constant (96485 C mol '), and

Cys and Cpg are the HS and LS salt concentrations (in mol L™!), respectively.
RED tests

An RED stack with a single cell (i.e., a pair of HS and LS compartments) was used to

evaluate the power performance of the fabricated membranes. Specifically, the RED



stack comprised two poly(methyl methacrylate) chambers (each with an electrolyte
volume of 20 mL) with a piece of membrane (effective area of 0.785 mm?) mounted
between the chambers. A pair of Ag/AgCl electrodes were used to apply a
transmembrane potential and record the current output with an electrochemical working
station (VSP-300, BioLogic) during the power performance measurement. The distance
between the Ag/AgCl electrodes was kept at 10 mm. The presence of Ag/AgCl
electrodes gave rise to additional redox potential, owing to the unequal liquid junction
potentials of the electrodes in solutions with different concentrations. The redox
potential of each electrode can be obtained by measuring its junction potential in the
corresponding electrolyte versus a commercial Ag/AgCl reference electrode using a
three electrodes system, following the method described by Jiang’s group* . Before
each experiment, the Ag/AgCl reference electrodes were rechlorinated to ensure a
constant potential. Therefore, the practical potential generated from the salinity gradient
was corrected with the redox potential caused by the Ag/AgCl reference electrodes.
NaCl solutions of 0.6 M and 0.02 M for power performance measurement were filled
in the HS chamber and LS chamber, respectively. In addition, all the measurements
were performed quickly and accomplished within 2 minutes to minimize the Ag/AgCl
electrode potential variation under bias. Testing electrolytes were refreshed before each
test. The area resistance, permselectivity, and power density presented in this work were
averaged over four parallel tests as shown by the error bars. Commercial CEM CMV

(Selemion, Japan) was also tested for comparison.
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Figure S1. EIS test of NZSP/NZMSP. (a) Configuration of EIS test of the pellets. (b)

Fitting model of the EIS curves.
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Figure S2. SEM images of porous NZMSP pellets prepared with various NZMSP-

starch ratios.
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Figure S3. Schematic showing the preparation of bilayer pellets with the spray-transfer

method.



Figure S4. Optical photos of the dense, porous, and bilayer NZMSP membranes.
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Figure S5. RED performance change of the NZMSP membrane after treatment with (a)
1 M NaCl, (b) 1 M MgClz, (¢c) I M NH3, (d) I M NaOH, (e) 3 vol.% H202, and (f) UV

light.
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Figure S6. XRD patterns of the NZMSP after treatment with 1 M NaCl, 1 M MgCl, 1
M NH3, 1 M NaOH, 3 vol.% H202, and UV light.



Table S1. Conductivities and sintering temperatures of doped NZSP obtained from

the literature.

Doping Sintering Bulk Total
Dopant level temperature  conductivity  conductivity = Reference
(at.%) (°C) (mS cm™) (mS cm")
Na3Zr2Si2POr2 1200 2.0 0.67 67
Na3.4Zr1.8Mgo2Si2PO12 Mg 10 1200 4.0 2.4 8
Nas.1Zr1.9sMgo.0sSi2PO12 Mg 2.5 3.5 9
Naz2Zr1.9Cao.1Si2PO12 Ca 5 1250 1.67 10
Na3z.4Zr1.65¢04Si2PO12 Sc 20 1265 6.2 4.0 1
Nas 4Zr1.65¢0.4Si2PO12 Sc 20 1260 2.0 12
Nas3.33Zr1.675¢€0.290Y b0.04Si2PO12 Sc, Yb 14.5,2.0 1250 1.62 13
Na3z.4Zr1.8C00.2S12PO12 Co 10 1125 3.33 1.55 14
NasZr1.8Zn0.2Si2PO11.5 Zn 10 1225 341 1.44 15
Nas.1Zr1.9Lao.1Si2PO12 La 5 1150 1.43 1.10 16
Naz3Zr1.7Lao.3Si2PO12 La 15 1200 4.5 34 7

Na3z2Zr1.9Ceo.1Si2PO12 Ce 5 1100 0.9 17




Table S2. Comparison of the RED performance of the bilayer NZMSP membranes with

literature reports.

o Area Salinity
Permselectivity Power density
Material resistance gradient Reference
(%) (Wm™)
(Q cm?) (M/M)
Sulfonated 95.3 2.05 1-1.3
0.53/0.017 18
polyetheretherketone, -SO3%~ 89.1 1.22 1.13-1.25
sPPO, -S032~ 96.2 0.86 0.599/0.017 1.34 19
Fe203-S042 ™ sPPO, -SO3%~ 77.1-92.3 0.82-2.26 0.5/0.017 1.4 20
O-MCNTs- sPPO, -SO3%” 90-95.3 0.45-0.7 0.5/0.017 0.37-0.48 21,22
Si02-SOs3H sPPO, -SO3*” 79.1-94 0.85-1.87 0.5/0.017 0.8-1.3 3
PVA-sPPO, -SO3>~ 80-87 1.3-2.1 0.5/0.017 0.3-0.46 24
Fuji CEMT1-polypyrrole-
! ) Povpy 87-91 2.12-2.87 4/0.5 0.3-0.6 25
chitosan
poly(arylene ether sulfone)-1-
94.35-98.63 9 0.5/0.017 0.6 26
methyl-imidazolium
CMV 91 3.28 0.6/0.02 0.57
Bilayer-1 mL 93 0.21 0.6/0.02 0.70
Bilayer-2 mL 98 0.59 0.6/0.02 0.74
Bilayer-3 mL 100 0.84 0.6/0.02 0.69
Bilayer-4 mL 100 1.08 0.6/0.02 0.66 This
Bilayer-2 mL 98 0.59 1/0.02 0.89 work
Bilayer-2 mL 98 0.59 2/0.02 1.11
Bilayer-2 mL 98 0.59 3/0.02 1.23

Bilayer-2 mL 98 0.59 5/0.02 1.44
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