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THE SYNTHESIS OF HIGHILY CRYSTALLINE MATERIALS AND

THE REGULATION OF THEIR PROTON CONDUCTION

PROPERTOES

ABSTRACT

Among the various types of fuel cells, proton exchange membrane
fuel cells (PEMFCs) stand out for their high energy conversion
efficiency and environmental friendliness and are hailed as one of the
most promising energy conversion devices in the 21st century. One of
the core components of PEMFCs is the proton exchange membrane
(PEM), whose material properties directly and decisively affect the
performance and service life of the fuel cell. The PEM has a unique and
crucial function: it allows only protons to pass through. This
characteristic enables the fuel cell to generate electric current. Moreover,
it acts as a barrier between the fuel (hydrogen) and the oxidant (oxygen),
effectively preventing them from coming into direct contact inside the
cell, thereby ensuring that the chemical reactions within the cell
proceed in an orderly manner. Crystalline materials hold significant
research value in the field of proton exchange membranes. These
materials possess a precise structure with orderly arranged atoms, which
provides a basis for investigating the relationship between structure and
performance, clarifying proton transport pathways, and optimizing
material performance. Moreover, the tunable structure of crystalline
materials allows for the adjustment of proton conductivity through
modifications in composition and structure, thereby further enhancing
material performance. Based on these considerations, this thesis focuses
on the synthesis of crystalline materials and their proton-conducting
properties, conducting in-depth research in this area.

(1) By regulating the structure of two-dimensional layered crystals,
the control of proton conductivity was achieved. Layered rare earth
hydroxides (LRHs) represent a new class of anionic exchange layered
two-dimensional materials with broad application prospects in the field
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of proton exchange membrane fuel cells. However, some LRHs do not

possess the conditions for a large number of active hydrogen protons to
construct a perfect hydrogen bond network. Therefore, in this study,
Y2(OH)sCl-H,O was synthesized via a hydrothermal method, but its
inherent low proton conductivity (10* S-cm™") limits its application. To
address this, the interlayer Cl- groups, which lack active hydrogen
protons, were exchanged for H2PO4™ groups with more active hydrogen
protons, resulting in a significant increase in proton conductivity from a
low level to an ultra-high level (102 S-cm™). Meanwhile, to
demonstrate that the interlayer H>PO4 plays a decisive role in
promoting proton conduction, the interlayer CI- was replaced with SO4>,
which has a larger molecular volume and no active hydrogen protons,
leading to a significant decrease in proton conductivity (10> S-cm™).
Furthermore, to further prove that the interlayer H,PO4 can form a
perfect hydrogen bond network with the H>O in the framework, the
hydrogen in the framework was exchanged with deuterium through
isotope effects, resulting in a 2- to 3-fold difference in proton
conductivity. This study provides a new approach and method for
advancing the research on proton exchange membrane materials.

(2) A novel two-dimensional layered crystal structure was
synthesized (C3N2Hs)[CdCI(H32PO4)]2, achieving ultra-high intrinsic
proton conductivity. Traditional materials with ultra-high stable proton
conductivity should meet two conditions: first, they should contain
abundant active hydrogen groups, and second, they should have a
complete hydrogen bond network for proton transfer. In this study, a
new type of two-dimensional layered structure was synthesized, in
which proton conduction is facilitated by the synergistic action of
dihydrogen phosphate in the framework and protonated imidazole in the
interlayer. The structure not only contains a large number of active
hydrogen groups but also constructs a complete hydrogen bond network
through host-guest interactions, resulting in ultra-high stable intrinsic
proton conductivity (2.57x102 S-cm™'). To demonstrate that the
material exhibits good proton conductivity in the absence of water, we
conducted proton conduction performance tests at temperatures below
0 °C. Under these conditions, water molecules are frozen and their role
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in the proton conduction process can be neglected. The results showed

that the material still exhibited satisfactory proton conduction
performance. Specifically, as the temperature increased from -20 °C to
0 °C, the proton conductivity of the material increased from 107 S-cm’!
to 10° S-cm'.Moreover, when assembled into a fuel cell without
doping any inorganic phosphoric acid, sulfuric acid, or polymer
materials that promote proton conduction, the material achieved a
high-power density (104 mW-cm), indicating its potential application
value in proton exchange membrane fuel cells.

(3) Modulating the active sites in three-dimensional structures to
investigate the mechanism of proton conductivity. In this study, we
synthesized a three-dimensional MOF structure based on the literature
and explored the proton conduction mechanism by replacing the
formate sites connected to zirconium metal with ionic liquids. Ionic
liquids are salts that consist of cations and anions and exhibit a liquid
state at room temperature or near room temperature, with good
chemical stability. By changing the types of cations and anions in the
ionic liquids, we can modulate the proton conductivity and investigate
the proton conduction mechanism. In MOF-808, the original proton
conduction mechanism follows the Vehicle mechanism, with an
activation energy (Fa.) greater than 0.4 eV. However, with the
introduction of ionic liquids, an efficient proton transport network is
constructed in the pores of MOF-808, which significantly promotes
proton conduction. The proton conduction mechanism shifts to the
Grotthuss mechanism, with an activation energy lower than 0.4 eV. This
shift in mechanism is of great significance for a deeper understanding
and optimization of the performance of proton conduction materials.
Additionally, we found that the proton conductivity increases by an
order of magnitude with the increase in the number of active hydrogen
proton groups in  the cations. In  particular, the
1-propylsulfonic-3-methylimidazolium hydrogen phosphate ionic liquid,
which contains a higher number of active hydrogen proton groups,
exhibits a proton conductivity of 3.19x10 S-cm!, which is much
higher than the other two ionic liquids. These findings provide us with
new insights for optimizing the design of proton conduction materials.
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BHE BT 5 e 3 B T 25 o S AR AR ELE R I 1l P AR 45
ARG VLA IR TR T AT H, Al LRH-CIREA FRE 7S
R, BATRA T —Fh BB A 00 R AL B A v, I T g5 R T
WM TFAE, JFGE TR TR EEREEN . RE, BITBR FRSERD
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Figure 2-1 Schematic diagram of proton conductivity regulation by controlling interlayer

anions
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2.2.1 SEEGIR T

7 2-1 FE I 24 5 A7)
2 il 4 R ali g e
FAAL « 7K AR Br i TR (R HIRA A
FAb AN AR BTz TR (i) HBRAF
HK AR BTz T (i) HBRAF
R — A AR bt SR AR AR R A R
TR — S5 ACS b TR A AR B A IR A W
S ACS b R A AR B A R A T
T B AR bt SR AR R A R
2B AR g A AR B A R A W
EhiR AR 5] 24 5k A 27 A PR A
2.2.2 KIGILET
#* 22 FER LA
DEER S s CIIE
XS ZRAT A DSFOUS T E A& A A
ERE AT ) Zeiss Sigma300 i E R IR « Z2A] et A
e = O HOG IS Oxford Xplore30 FEANEBH AR AR
A T }WmmHﬁAMg A 5] T St S 25 1) 32 PR 2 )
F3 Jupiter
3% [E Thermo Fisher Scientifi
(R E AW Nicolet Is50 AT
e ¢ T 5#i-L: Bruker A
400 HD
£ 2 0L CenLeel 6K T I SL RS A PR A 7]
FL AP T X TR AR DHG-9036Y RS 2 SRR AR AT PR A A
7 A L KH3200 LR G A SR H IR A A
BT R PR124ZH/E B EE CHEMD BIRAA
KL Basic-Q15 EHERIZRAX AR A PR A T
K E IR 3R SHA-B R i ZEABAR T S0 Ay T AX AR i )
FE 1P FE A SN-MS-1 b A AR R AT IR A 7
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TR RE R

B3 22
BE RS RIS CI
PH it PH-100B ¥ RATVUER B AR A 7
AL AR DH-7001 LI RIS H IR A 7
A G P U A ) 2 DN-50C WL AN H S AR A PR 2 7]
JE Rl PC-3S REEEHAR AR B PR A
FYFE AT YXY-C M T R AR D 3 ) o A PR A )

2.2.3 Y2(OH)sCl * 1.5H,0 (LRH-CHEIE X

7.5 mL 1 0.44 M YCl3 » 6HO ¥ IIA £ 2.5 mL 2.1 M NaOH A1 2.5 mL
1) 1.44 M NaCl FIRE G, SCRPE BB RCRITRE, 2R HIRE 5 MytiE i
AZF 25 mL [ R PBZEFHHAT KL ER, IRER 150 °C, FFEE 12 /MR, ik 2
N 0.5 °C/min, #HIEFRA 0.2 °C/min. ¥ B J5 77 Sk AT B0 g, FEH X
1 7K(40mLx4)F1 2, FE (40 mLx4) Pk . fea, 15 80 °C MUMLFE T4 8 h 531
Ok R N LRH-CI1Y,

2.2.4 Yo(OH)sHPO4 = 1.5H,0 (LRH-H,PO4)BY & A

¥ 0.1 g LRH-ClI i f&32 N 50 mL. 1 M KHoPOs(pH=4.3)/K¥ER T, 7=
NHEEE 48 /NI, SEBLZ RIRH B T IR AS ¥ o K4 AT 30 J5 1R 7 AT B0, T 2
B 7K(40 mLx4)H1 Z B (40 mLx4) 73 e MUk, DAZBRAT St 2 1 1 5R BE & 1o
e, TE 80 °CIMEAR T4 8 h 133 8 K N LRH-H,PO4 1121,

2.2.5 Y2(OH)sH2PO4 * 1.5H,0 (LRH-SO>) B & AR

¥ 0.1 g LRH-CI 544432 A\ 50 mL. 0.5 M HaSO4(pH=6.8)/KVEW T, £ iR~
TFE 48 /NI, SCHLJZE 1A] B B 1 A8 4 o K428 4 J5 7= S g AT B0 8, P 25
T7K(40 mLx4)F1 Z (40 mLx4) 70 Al Beis ik, LLEBRAE MR E B T &
J&i, £ 80 °CCHIMLAR b T-15 8 h 153 (3 (b H) K N LRH-SO4* .

2.2.6 Y2(OH)s(HPO4)os * 1.5H,0 (LRH-HPO)RY & A%,
¥ 0.1 g LRH-CI /&2 A\ 50 mL. 1 M KH,PO4(pH=9.63) /K&K T, 1EEiR
NTEE 48 /NET, S ZE E] B B A e . R RS B R AT B0 g, R 2

77K (40 mLx4) A1 LI (40 mLx4) 73 e WU 0, - L& BRBE R 2 B 1
m o, AE 80 CCHIMLAE T4 8 h 153 3 (54 Ky LRH-HPO4*.
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2.2.7 Y2(OH)sH>PO;4 * 1.5D,0 (LRH-H,PO4-D,0)H & B

¥ 0.02 g LRH-H2POs f IR N 2 ml D20 1, TEEIR R 2% 48 /N, sSEBl
ZRrh SUK R E K ) A8 # . AT HeJ5 1 7= i e AT L 8, 72 80 °CHUMEM 45 8 h
133 [ 5 K A LRH-H2PO4-D,0.

2.2.8 LRH-CI'x LRH-H:POsZFE#M BB F1& S eI

B, BRERAE 0.5 N JE /) FHS: 1 min TR EA N 3 mm. JEEAE 1-2 mm
RN /INRE AR o B 5 4 R 1 B8 /N TR A AR 43 ) TS — A T G e D 42 i 2
HEAT SETHER B PR THEB B AL, RS54 70 10 30 °C 40% RH. 30 °C 55% RH.
30 °C 70% RH. 30 °C 85% RH. 30 °C 95% RH. 40 °C 95% RH . 50 °C 95% RH.
60 °C 95% RH. 70 °C95% RH. 80 °C 95% RH. 1 FAZfi HL(AC) B4k P BTG T
PRI T B T R (0)o MERENEFER RH T, FATLLFES T4 1-3h, DAEALR
SEESHHR W HERTE, SRJEHEAT 3-4 IR LR/ INR 22 dRefE 1E 80 °C 95% RH 2%
TR IREF 6 AN/, 34T AL S AR S VR4 .

AN R -3 FR ] Llodid A Q- D) i A

o =L/RS (2-1)

Forr, SAIL R Rk A A AR R R B, B PP AR 2 R LA AE

FES R IERE Ea HFTIRJE S BT A FE(2-2)1HE AR H -
oT = ogexp( — kB—?r) (2-2)

Hrh, RNoRTHEIE, ke APUREZFE, oo MEHATH T, T NIRE.
2.2.9 FAEME MR

¥ LRH-CIHRIRAEAE K SBEFW AL pH 7371089 2. 4. 6. 8. 10, 12, 14
KR AR 7 K (3B A ARE pHD ARG TEE . Uik, L.
HET; K¢ LRH-Cl'. LRH-H,PO4 - LRH-SO2 N 1H IR E R A6 #, 7 80 °C 95%RH
A N ARER 12 /NI, ARIRTERE, TR BIRE AT XS ZRATARIS,  AVPAL
FAEMIRSENE o RINRs LRH-H2PO4 it 7E 80°C AT 95%RH 254 T ALER 12 /N i
JE BIRESEAT R BT, DL A BT S (M T 30 e R 4
23 FRE5TR

2.3.1 i Fnta E MR

20



TR

% & A HUHE ZE (MOFs) IR A AR 11 FL B 45 440 R0 mT I8 45 Ik 2= ThRE I 52 21 )
2RV SR, K2 % MOFs M RHE i T HUE T T AT A7 A /K A8 PEAIAL 22 A2
EMEA R, M, FRATHHE T 65 IR R T G RS, R
DN Rt — Bl B s 1 AR AR, AMUE SR 20 TR R R TS
R, CAEEFRE T AT 1 W E T o X PR T R o1 S A 1) 52 B
LA ARAE TR T Re M, KRR AR TR B AR A T M A A R
ST H BT SRR, RAF 0K RS e P O o i S AR T T 3 A R
(OB R I 2 — o AE B AT B8 A8 46 S5 3R A BRI T 1 HE 3 3R AE V2 B IR RS A
T P P AR A S M e AR e M, N AR e E AU N R B AL TR I T R
Yo @Iz AR e DA i A B A v A SR AR 1Y) LRH-HoPO4 M RHE IR
R K AR E AR E k. 7E 80 °CH1 95 % RH HIZEHE R, X Ahbhklaf LIE &
DISANI FRREE ST S R X — RBP4 R TR E R, 8 R
BT AR HEAF B AL A Y LRH-HoPOS i Myt 5e AR 7% WL 1) @ 2 A
PEM M EMZTE R T S RA% . famtE 2%, (FHSONEE R EE R 7 S5
ko

B 2, ANGEER 187 B () 7K Ak s T b ) % 1 v G o R I BH T R AR R A
ANV iR LRH-CL, il faj s — 28 B 1 S ik i il %6 7 LRH-HoPOy
LRH-SO4>. FEIXAN 4k 5 R 548 AR AE PR b 4 2% EASZ B EC R 7 (Y), Horp
— AN 8 WEAL B IE T T R AT J LA 2540, 1X P& i — Pl LA )\ AN Ee A4 Bk
FIFEHO IR T R LTRSS 59— MR T2 9 FUAL i =4k A =Mk LA 45
1, XML 8 BUAL I IE T T A2 — N ECAE, TER T S R E I LA TE
Ao XU S I - IR I S AR BT B A BLEE, BT 4R IRE AR
X G SR 25 7 s A IR HL T, B AR R [Y2(OH)s(H20)] B AN J2 B 70 A 2 AN 42 5
T AR — ARG T, B — AR E S Z R IE S RN
8.4 AiX UL 1F Hi faf 2 8 Ik 55 (VO AR AR D) AR T HE S AR — i, T R E 1) 4E A AR &G
o e R —MAEE T o FIMER 71, M TR ES A2, ©
J2 BT T AT B 180 (1 i FAF JEL A P T 72 A 1) o 3R 078 237 [R] BE 25 D A 1Y 4
eyt FOS B, Aty bR A BEE IR . 782 8] 1 X A7 AR & T (C),
EATTTE it A 5 A4 R B LA ST A . AU B R I A H e 5 )2 1 O LA
FEICH, 4ERp NSRS R R AR . & TR A E A B TR e Sk 45
¥, B ik B A AN 50 o A S B S ARS8 o ARE 5 25 M A 2 IR AE 42
SER AR R B EBEE AL A0 (REARIK ), IR RS R E %
i, 82 RS & T AT DLdE— 20 S SRR o T BSS S B U0 1,
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B 2-2 seifoR =
Figure 2-2 Schematic diagram of ion exchange experiment

TG TCHL — 4ERE SR E5 4 PR Lt K AR E E - BRI (pH) A JE PEAN AR
VET 86 52 HESS o IX LSS RHAE 39 AN TLAF A R B I e, WP eqR
R T ACHAE T AR T TR 70 MR — ek, o 22 Al s 7 S BRIt 4T 1 ik,
Hif 2t — DO R e fe, DUE N 2 FAL IR T /oK. HRT S, @il
OoPRIE G B T A HR B AR — SR E T (H2POS ) MBR BEAR B T (SO4™) -
FATLHL T Y2(OH)sCl » 1.5H20 Z5#4)2 2 [ (1) CITRg 8 ffe . il & 7204, 3K
AT BB R B 2 A R FLIE 25 A AR T AL VE B, I RE % B 2 38 T+ i 7
e FREST, LI TE T FLAE REVF L AN AF fifs S8 Uk O LTI 5% 31X — A B et
WA PR RE I TR SRR O VOB B, A SR R L AR ER AN A
FRBAR MK E . AFCIRIR T TN YERESR S5 TE 28 T3S T 7 77, N
AR R BCTE AR IR 1 OBT R IE g (B 2-2) .

LRH 16 &4 DL B JZoR S5 A6 1 i 42, XA S5 R IR T 1 L 9 K 73 )
FEAEF 77, AT 25 19 5 1 BEAR S5 R I Aa e TR . B R XU 2R AT 3 (Powder
X-ray Diffraction & # PXRD), M&5RiGMH R, RIELId B & 158 ik
B, R=MRPRMKOR IR RF T R AP Z5 R 58 B (18] 2-32) 5 fERVRREME T T B
FIH A, 7E80°C 95%RH s AF R4 Kik 12 NN A E S, FL4H 58
TREFFEEETH (B 2-3b) 5 KM AREER T, EANTRI S5 FIHESR AT AfR 5 — 4
PAERIRRE, ARAENAE (B 2-3¢) 5 Fal2 LRH-CIE45# i i S S8 5 B A
BRI Thag, LR R IR T, I, LRH-CHE S YIFES 2 (1) pH fH
T (2-10) MR RIFMi et (B 2-3d) . xR RMEWiet, N
A 3] 4% FRL AR SR R R TR AR L TSR A1 1 I S (1 PRt
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(a) (b)
| N—
= 5 \L A ' A V)
g — Simulated B
_g‘ LRH-SO, g
§ LRH-H,PO; E i
= § ; LRH-CT
J_A_AA__AA_AA_A_A__‘ J - K
T T T T L L 1 ' N
10 20 30 40 50 10 15 20 25 30 35 W0 45
( C) 2e(degree) d 20(degree)
d __

J N Ak,

—— LRH-CI-soakin ethanol for 7 days
~ LRH-CI-soak in water for 7days
LRH-CI’
— Simulated

l oMb s v

T T T T
10 20 30 40 50 5 0 15 20
20(degree)

Intensity (au.)
il

Intensity(a.u.)

25 30 35 40 45
20(degree)

2-3(a) LRH-CI 400 & 504 DA K 25 7 22 e J5 (1) LRH-Cl' LRH-HoPO4« LRH-SO4> [ i
PXRD &, (b){f 80°C 95%RH 45 1f FAb#E 12 /N PXRD , (c)LRH-CI{E ZBE. 7KIER
thIZ i 7 R PXRD &, (d)LRH-CI- )R fE € % PXRD

Figure 2-3(a) PXRD patterns of LRH-CI- fitted with crystal data and the samples of LRH-CI'+
LRH-H>PO4+ LRH-SO4*after ion exchange,(b) PXRD patterns of the samples after exposure to
80°C and 95%RH for 12 hours,(c) PXRD patterns of LRH-CI- after soaking in ethanol and
aqueous solutions for 7 days,(d) PXRD patterns of LRH-CI for acid and base stability testing

B, N TR T A R T B T (HoPOs . SO4%) AT LU 24t A
A LRHs 858 T BT @7 8 7(C), BRATRGHTIT 1A F B 752 B 2% AF T4
AP E HL AR 0 2T 78 1 (Fourier Transform Infrared Spectroscopy i #% FTIR) A
DA% IAR T (Solid-State Nuclear Magnetic Resonance fai#8 SSNMR). 4G, #id
FT-IR Jeilfi Wi (18 2-4a) B7R, WHY LRH-HPOsAH L T &) LRH-CIHE
1076 cm™ F1 1000 em™" A& B T #5873 3% BT P-O-H 2 F RS,
BLFHEAKEFRAS B 200130, X — B S 45 RIE R B, B — SR
T ] DU I A 5 22 A O LRHs 258 S 1 Ak, SRR
BT AT RHZLAMEHE TR e 1096em ™ AR HBL 1 — M Briig, XA T S-0 )=
[ AR R AR B 85 g iz iR sl 1140,

3P SSNMR &/~ /F LRH-CIAF KL 54T 3P U, T R — S B8 T 20 e 19
2 LRH-HPOs AT EHE 1.96 ppm AbAT B (1) 1P g, R MR — ARl
JE 8] B EHRAL A RR Y], HaPOs I SI AN AR B 2R G5, b4 (it
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GRS
T AAM I I B A TE SR T IS P R S A R, G T PR T F R
SSNMR'H HFH TiX—45i6 (B 2-4c) o JEIAH LRH-CIARHE 2.52 ppm &b —
AW, 7E 1.18 ppm AH — MBI, 73 BT BT 4544 1K 73 FI-OH Ak 247
¥ . LRH-H:POsAL S IEAE 5.81. 3.62 A1 1.12 ppm AbA =N S0,
H1, 5.81 ppm [ AT AR T2 8 5] N BFIR — 4R, 3.62 ppm Al 1.12 ppm (1)U
I3 A TS5 R TR B R AR K Ay TR E B 7. B EY) LRH-SO. 21, ik
&%) LRH-CIAH [H] AL 2= A7 2 435508 1.2 ppm F1 3.2 ppm. {EHISEREMIZ, H.0
Iy WM A AR 1) % 1) e M 5 JR 46 46 A ) LRH-CLIH ) 2.52 ppm #H LU P
BN, XARAE TR R BT HaPOL FZ [RI7K 73 F 2 [ TR i 1 B8 % (1) & P 5 5
(ST, IR X PP B I 28 RGN A ROY G A1) LRH-HoPOs BA A 1) i1
R, M EAEEN =R T R kRE.

(a) (b) (©) (d)

LRI-ILPO, LRH-H,PO, "H NMR 'HNMR 32ppm
Hp MR 3

=

nsity(a.u)

Intensity(a.u)

|||||||

T T v
B 5 015 T
Chemical shifuippm) Chemical shiftgpm)

S0 20 1S90 0 sw a0 5 I H 10
avenumbersiem™) Chemicul shifi(ppm)

K| 2-4 (a)LRH-Cl'v LRH-H2PO4+ LRH-SO IZLAMEE], (b) LRH-Cl'v LRH-HPO4 ][] 75
Wl 3'P 3%, (c-d) LRH-Cl'v LRH-H2PO4 . LRH-SO4 [l 2542 'H it

Figure 2-4(a) FTIR spectra of LRH-CIl-- LRH-H2PO4 -and LRH-SO4%, (b) Solid-state *'P NMR of

LRH-CI and LRH-H2POy4', (c-d)Solid-state '"H NMR of LRH-CI* . LRH-H2PO4 and LRH-SO4*

Electron Image 1

P 2-5(a-c) LRH-CI'» LRH-H,POs+ LRH-SO4> 170 2 Wit i AN GE it 7 A

Figure 2-5(a-c) The elemental mapping and EDS analysis of LRH-CI'v LRH-H>POs . LRH-SO4*
[, TR BB (Element Color Mapping f#Ff mapping)fl X 428 681 7
M7 (Energy Dispersive Spectroscopy & #% EDS) 145 Rt — DUk sk 7 8 7 A2 #eid
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GRTRA
2 (E2-5) , EBH T HoPOs A1 SO I HUEUAR T a6 R ) Cle B 2-6 4
LRH-HoPO A% i i 158 2% 28 40 3 A1 5 O 3345 o8 7 BB %, 78 80 °C. 95% RH
REEE 12 NNETRT TG, TESRAAR, SEiffifrfase, BB RIFREt.

B TR o L [ Mmoo
] 2-6 LRH-H.POS AR M6 (80°C 95%RHD AbHEHI(a). JiF (b) ¥4I L B2 &
Figure 2-6 Scanning electron microscope (SEM) images of LRH-H>PO4 before (a) and

after(b) extreme testing conditions(80°C 95%RH)

232 T RS MtRERIE

L JRAL B T A 51N HoPOs AMUNTZZEFE N T 536 BRI 201 R 7 3%
W, MHEES TR BUEE (GEMNE KRR [N, RIEFMEHERE
PEAN 248 R A7 AE = B RS 1 o T T R R R A R 0T 1 5 H R ) AR IE
I, AT ANEY) LRH-HoPOS K A RIFI 3. N 7 — PRI
— R AT B AR/ 5 A RLEAT 7 RS 51 H 3 2R IR 73 A L. T8
WAL, B R EGR K, MBI PR S RAA SN, R4
(I BELBTI R 45 B2 80, LRH-Cl'. LRH-H2PO4 1 LRH-SO2 M R R B H 5 K2 %
& SRR 5T 5 FARERE L B RR 1, ZKAE B8 8 o1 1A A Ak 3 b ke o &8 O B LY
YEFU, & 2-7a fiizs, £E 30 °C I, J5i ML 5 3R BEAE 18 B\ 40%RH 14 n 3|
95% RH [fij i & 25 AL (X F LRH-CI: A\ 8.18x10¢ S cm™ #7151 9.30x106S cm™;
X F LRH-SO4>: M 3.73x107S-em #2£ T+ %] 1.51x10-6 S em’!; %}-F LRH-H,PO4:
M 9.43x107 S-em™! $2F+ ] 1.41x105S em™)

IR, ERE R E AR, LRH-HPOS 5T T HL 5 38 M 31 = v 25 38 T
TIEMANES, KRBT H-BRKEES RTS8, K 2-7 b-e B,
&7 LRH-CI'. LRH-H,PO4s 1 LRH-SO« 44 5 7 B 5 R [#] 5 18 )5 B iR )&
WA, Hor, LRH-CIM BB+ BT A R E T it s, M 30 °C
B 9.37x10° S-em™ $& F+ 2] 80 °C B ) 3.4x10* S cm™' . X — 25 RABIEH T &
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G617 LRH-CIABME N BT 3 AR 770 SR, LA B+ L 3 2 I
AL CAHEAT S BRI o T B F- 32 e () LRH-HoPOs #1BHE 30 °C F1 95% RH R
3N 1.41x10° S em™ . 5JFEIAM B, LRH-HPO4 M4 R 2 7R H i 25 1
5 R T SRS . MR T 3 80 °CHYIE I T 1.84 x 102 S-em' i /=1 )i 1
HSR, X -NMATHSRREIH A8, MRz K2 54k
iR EL. BIERTOALE, SRR AL SRR 102 S em KF R M
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3VK 2504 @ %
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pALY
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4 2-7 LRH-CI's LRH-H:PO4 il LRH-SO4* (a) £ 30°C %, T T L %< B TH s A2 1
K, (b-d)fE 95% RH & 1F N BEIR T I BT, () BB IR EZ TH i bt HL 3 5 LA, ()
£ 80°C 95 MR S&AF RS EL IR, (g)iffbReEl, (DA E
Figure 2-7 LRH-CI'v LRH-H,PO4s» LRH-SO4* (a)proton conductivity as a function of relative
humidity at 30 °C, (b-d) impedance spectra at 95% RH as a function of temperature, (¢)
comparison of proton conductivity as a function of temperature, (f) Impedance comparison at
80 °C and 95% RH,(g) activation energy plot,(h) stability profile

i8] 2-7f fi 7R, LRH-CIRT LRH-SO#> 7 80 °C 95% RH )51 T HL 3 %2
6.13x107 S-em™ A1 2.97x10° S-em', Y FF 5 WATH T BAE, H& FRT
LRH-H2PO47(1.84x102 S em)o [FIHSFRAT TS RS JE 5 B A X iE AL se it 1 7
it — 20 SCRE 1K RS R I TR T v R 5 T R A,
2-7g FATH5 H LRH-Cl'. LRH-H2POs A1 LRH-SOL> I i T3 82 15 BE(Ea) 7
BN 0.16eV. 0.12eV M0.17 eV WAFEIATMRAE: BEH TR T2 2B 1
W, DMK BETEE, RTimgemiie 8. IR EEE N, BT
1B Grotthuss BEERALH(<0.4 e V). [ B AS [ )35 L RE £ B 3R B, /£ LRH-H2PO4
B, H HPOSHUR CL, ARGt 73R — ER & 7~ 5K (H2POs - H20) Y 1k ]
YERL, it 7 BTG REI B 1A% i . A, 7E LRH-SO2 1, HI SO2HUX CI,
BEAS T 52K R IS frRE S BURLREBUE RGN . K 2-7h &R T
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BHOAE M, ARG 6 A A T B 2 R R AR

2.3.3 R R SHISIAMR

N T WA N 4 4 T LRH-H.POs R JZH K T 5 AR E T
(H20- - HoPOS)Z [ T %, AT EIK(D0) B T B 2B Ko 453
KE, SOk HEAEAAL, BABER H/D FAZ= %M, H LRH-H2POs-D20
() SR B . i, £ 90 °C 1 40% RH (4644 F, LRH-H,POs-D,0 Fl
LRH-H,POs-H,0 )i 7 HL S F 554 4.72x100S-cm™ F1 1.42x10°S-cm!, i B
D,0 HIHFHZN HoO 1) 3 f5 0L (& 2-8a) 5 TR — 3.

@ ®)
H,0/D,0 -6.8
"" H,PO, "" t“? (‘F Ceritngro /a0

LI{H-H,I’O_"-U~O
.- 6.4 : :
Ll ey o "YPLERL] : MR LT wErT L L : ..'--...-_
H D & » 4 » . H
! 3 : 4 . N : i
g I . . ! o o ' r ! .
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4
-4 LN SN
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27 2.8 29 3.0 31
1000T /K"

Kl 2-8(a) HoPOs FIE 220 HoO/D20O 2 [A1 T Al U2 11 S B 4% R i = [, (b) LRH-HoPOS
FEMRZE H2O. D20 1 50-90 °C, 40% RH 2544 F i 1 H S 0 b

Figure 2-8 (a)Schematic diagram of a dense and robust hydrogen bond network system formed
between HPO4 and H>O/D>0 in LRH-H>POy, (b)comparison chart of proton conductivities of
LRH-H>PO4 samples in H>O and D>O environments (50-90 °C, 40% RH)

BOE N T B BAIE 2 R R — SR RIK 7 (H20 - - HaPOu) Z A A
THHe, AV )Z RS 740 e R — SR (SRR = SR ZE — AN ER )
JRFED o i PXRD WA B 454 58 8 (K] 2-9a), FEMR IR &1 T Ak
IIRIAEEH, & 2-9(b)Frw, & T LRH-HPOXH#RBH B T H 5 R 1E 30 °C
AT T H S R BER T E AR AL, BN 40% RH FH = 2] 95% RH i 7 H
S 10° Scem $27HF] 7 105 Scem!'s B 2-9(c) Ny LRH-HPOL2H4 BHH) T 1 H
SRBEE R E T E TS s ESTE, A 30 °C B 10° S-em™ $2 71 F] 80 °C B
1) 103 S-cm™, & 2-9(d)’~ LRH-HPOL A4 KL I Fa 8 MK, 7EAE PRI 6 AN & 11
PUG BT H S 2 A Bk
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—— LRH-HPO, -afier theimpedence testing| .54
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—— Simulated 255

Intensity(a.u.)

30°C
T T T T T T T T L] L]
10 20 30 40 30 40 50 o0 70 80 [} 100
(C)ﬂ Zo(degree) (d) Relative Humidity(%6)
0 3 -1
2
9500 RH Stability LRH-HPO,
@ 313K
T
° 2
[+ ]
3
44
T T T L] T 75 T T T T L] L]
0o 4.0-10* 8.0<10* 1.2<10° 1.6<10° 2.0<10° 1 2 3 4 5 [}

FC Test number

& 2-9(a)LRH-HPO 2 ZE MR 3t I 25 A4 T AL EE 12 AN/INF Y XRD F&,(b)7E 30 °C4& A4 R i 1 H
TREIEE T AR, (o)fF 95% RH A5 N REE T = i BT B, (d)FssE P
Figure 2-9(a) XRD pattern of LRH-HPO4?" after exposure to extreme testing conditions for 12
hours,(b)proton conductivity as a function of relative humidity at 30 °C,(c)impedance spectra
at 95% RH as a function of temperature,(d)stability profile

LR, dhASMEHE IR R N5 T i SR M SUSCR IR, A TAT
WARSEACT, T8 B 1 iz LR A 5 BTN (1 stk g . o,
Chang Seop Hong % N it B 510 & B m AT V%, 3 A i (-SH) 1 Ui0-66

RUHE 22 (UIO-66(SH)2) ¥ 4k 9 & A T TR 55 [ (-SOsH) ) Ui0-66(SOsH), A AL J5 I #4
EHE 80 °CHI1 90% RH 4 4F FRILH 8.4x102S-om! (B T #1535, JF H %2
Fi% B 3R AR E I« e B AT W el 1 5 i N AR EAT X L (3R
2-3) , BEB R T BRATHT TR AR A . 5T ARy SR
[ A LB AR, LAERORE L R S A R S5 U ) N T 5T R
R 2-3 T S RAPBHE BT L R B

oy c (S ecm™) T (°C) RH (%) Ea(eV) Ref
LRH-CI- 7.17x107 80 95 0.16  This Work
LRH-H>PO4 1.84x102 80 95 0.12  This Work
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Bk 2-3

MK 6 (S em™) T (°O) RH (%) Ey (eV) Ref
BUT-8(Cr)A 1.27x101 80 100 0.11 [117]
Ui0-66-(SO3H), 8.40%107 80 90 0.32 [118]
MOF-808-4SA-150 7.89%102 60 95 0.14 [58]
Nafion 7.80%102 25 100 0.22 [119]
PILP@MIL-101 6.30%102 80 98 0.48 [15]
PCMOF10/CNC 1.44%107 85 95 0.33 [98]
IEF-7 1.39%1072 90 90 0.022 [120]

MFM-300(Cr)-SO4
1.26%107 25 99 0.04 [86]

(H30)2

SA-1 1.23%1072 100 98 0.49 [121]
Im@MOF-801-Ce 1.21x1072 100 98 0.47 [122]
ZrP 1.21%1072 90 95 0.30 [63]
MIL-101-SOsH 1.16x107 80 100 0.23 [118]
CPM-103a 1.00%1072 22.5 75 0.66 [123]
(Me2NH2)[Eu(L)] 3.76x10°3 100 98 0.38 [63]
YbO(OH)P 2.36X1073 85 98 0.57 [124]

(C3N2Hs)2o(NH4)eH12

[(PMo030O27)8(C10P4012N>

9.70%x1073 100 98 0.502 [125]

Hzo) 4(PO4)4CS(MO4010(
H20)4)]

2.4 KEINGE

SR, LRH V55852 — AN & BRI B 70 80 o B2 AT IEAE AR AR 2B 1Y)
HRCRES, ISR A A, URS TR SR,
AR T — PP ik JF AL B T A e A S0 T LRH AR 7 L SR (AT 5
o B IXFE TS R, K RA s A T S E MR AR R 5 T3 B R e BN
#| LRHs H. H, 78 LRH-HPOsH, BT 547 & 150 #, 725 ABEIRR —
ABETHKD T ZIE T —ANBE M E AN % KRG, LA
[ TRt T EELRIE . B, 75 80 °C 1 95% RH £ fF T, LRH-H,PO4
[ F 2 EATIA 102 S em™!, HAE 72 /N LA EORFFRRE o IX P AR e A i 1
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T HPEREEZ AR 2 B F PEMFC. 7K HE MR ) 00 B Ak 2 fig e S A . A
WHFTIR Bt 7B U SRS ATV . ASTE AN LRH MR T KAt 1 438
It FC R B AN TV, SN AR QU R IE N S 0T R 1 0T IR R T 170, A7 B HE )
ZATIRAE RER % B 5 At SR DT it — Dk J
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g2 ETEENHEMERASSIEBESRTFRESR

-
3.15|8

AL G AT S, ESeHhE s E F TR, e I R
FAF: — MBS EE MIEREEER, R A eI SR 2%
DA it 1261300 Oy 17— 20 B R it A BT 5 A B A Ji 1 HL 3 2R i {1
F ) AU, AR oy W 5T AT A R T — R B 4R R OIR A AR
(C3NoHs)[CACI(H32PO4) ]2, HoB 42 B 7N HC AL FFH il )\ T4 B8 s 42 P A DU O A 1 2
M E AR (H2POL) DY AR i[RI P A DU A B B R — SR — A AR T, =
(1) E BT R K I 7P 44 LT o IR S5 A8 BT AN 0 1 ADRLER o T A% S e
73, M H BT SRR A SR B TR 1) . S5k rh B KBRS A TEIRE
JRF B (HoPOs s C3NoHsY), FEARIR A T 7 B 48 1) HoPOs (24D
MZTE ) CNoHs™ (AR DA AT, B3 RIEH 7 104S-em's
IR ESRTTE] 95% RH I, JK7r Tt | @i hia e P E M SR,
RT3 A A Us2136 A% Sl B e HoPOsm (AKD FZE AN C3NaHs*
H0 (48D WhlEfE MR e B A M 2%, BoA B AR E I AME BT 1 L 3
(2.57%1072 S em ) FFHA KIS B ARG E o Ak, A 7R IX AL T 3 -2 A4 7 [F]
TERI RSB I 2% R G B m SO i 7% 368 70, A TEE— 204 ke, 2 AR 21
0 °CLAN, ERXANFMT, K THRES, 7T LARIEIK 7§12 i 1A% i A Y
PERUST139, AZ AP BHEARIR T (<20 °C - 0 °C) R4 FE L H B4y 1) Jot 1% PR RE(107
S-em!- 10°S-em™). [FIR, EABRALATE R T SR LB . AL DA
FEREEVIRIRTIR T, FATT BT R X o B 4 FOIR S AR R 2 B RE e s
dr, SEPL T Rk 104 mWeem? B DY FRE L o XM Y T 48 BUIR S AR T )
SR, AMURE T2 BT 558 BB} F it 45Uk i N2 IV 70, i HLAR B
REWS A RS THIORE L L Y R RE S A0, 000 T 4 s AORL R L 1k RE AT PRI 1 32 Rl
REREE, EONPRHRIM SR ITRE T B ie. B AR SRR AL
ARIFI, ARG B AR BRI S 7 158 50 N DS B X A €, D9 HEBN T vk RE Yt H) v RUCA
PN S AT 455 82 0 i B A EE AR AR Dk ia0- 141,

3.2 SKIRER S

3.2.1 SERE R
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2R 3-1 EE SR 24 il AT

2y ih A PR gl EIE
AR (A0 99.9% EHE R MR AEACRIEBA H PR 2 7
=5 99.9% By TR R ARA A
MK P 99% EE R MR A PR 2 7
IR AR B T R AR A A
LI AR Bypr TR (R AR A A

3.2.2 LIS

* 32 FERSIRES

BE EHN IR CIIE
X5 2 B AT SR SMART APEX CCD F[H Bruker A
XS 2 AT AR DSFOUS L[ A1 6 5 7
BT NmmmHﬁAM%B At ] i 5t A5 45 11 3 AT PR )
Jupiter
4t i AR %7 sigma300 B E R /R 5] 2 ]
5% Thermo Fisher Scientifi
(R E AW Nicolet Is50 AR
HERA AR H A BELSORP-max II H A 22 %5 e FERA R 2 7]
W] A AZ SR 3 Bruker Avance I1I 400 HD B4 Bruker A ]
£ 2 B O L CenLeel 6K WG SL R AR A PR A
FL AP T X TR AR DHG-9036Y R SRR R A PR A
P T DL KH3200 L LI R BB 75 A A R 2 ]
B R PR124ZH/E B B (R MDA IR A F]
KL Basic-Q15 AN ZRAL AR A PR A ]
HLA A T AR DH-7001 TLIR AR AR A PR A 7
A G P T A ) 2 DN-50C WL 3Rl H SR PR A 7
JE AL PC-3S KRR BT IR A
FYE I oA YXY-C P R 5D G 1) A PR A ]
62 EHE S F A SL250 5 ERHERHEACEE A IR A A

3.2.3(C3N2Hs)[CACI(H32P04)]2 B 1A B &

B, FEHREEEQ2.28 g« =&AL H(0.696 g). BKME(3.09 g) LA I iE
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&) E BT /K(AS5 mL)FBER (0.5 mLYK KIS 25 ml JRBZEH, 1K 264k %0
Bk B RE, #iR RS e S IR G EREF, LRI R A6
ZETTED AR RGBS, RPN BB 1, — RN B AE R
HATEM . LU 1 °C/min PIEFZETHE, BERIREREL 170 °C, FHFEX
R RT3 RIK AT, DU R I B 78 HEAT . AbFREE R ),
DL 10 °C/h W B0 BRI, (R RSP AR 20, DT ik G DR I B2 3R A% 1 6 7=
Ve R R A P TR, B DR R 245 B B de vk B R B I 45 Sl BE AN E 1 . K
PIEAE N — R B ARG 77 1, REAE 7 T i Fe TR PR B R 8 2 = 7 () 8R4 T
AT T I AR SR . KA 52 i, BN N S B, it
kg7 o B H BRI . SRS, A3 A 25 B T K AN BT S R AT
Z IRV, LAEBRRIMRE AR ORISR, RS . XE 7K
A BE PG OR REE A AR R A . e, BRI E T
80 °CIIBL A Fh HEAT T8 8 N/, A5 3 [ i AR b A

3.2.4(C3N2Hs)[CACI(H32PO04)]2 BB R BY R F B S &M

T, BRERAE 0.5 N JE S FEFSE 1 min IR E AN 3 mm. JEEAE 1-2 mm
Z AN/ IN R AR o B i R BRSNSl TCPE — A P Y AR R 28 1 48
HEAT SETHER B PR THEB B AL, RS54 70 00 30 °C 40% RH. 30 °C 55% RH.
30 °C70% RH. 30 °C 85% RH. 30 °C 95% RH. 65 °C 40% RH. 65 °C 55% RH.
65 °C70% RH. 65 °C 85% RH. 65 °C 95% RH. 30 °C 55% RH. 40 °C 55% RH .
50 °C55% RH. 60 °C55% RH. 70 °C55% RH. 80 °C 55% RH. 30 °C 95% RH.
40 °C95% RH . 50 °C95% RH. 60 °C 95% RH. 70 °C95% RH. 80 °C 95% RH.
0°C. -5°C. -10°C. -15°C. -20 °C. ¥ =i H(AC) A= FHBTREPEAL AR 1
R HFEG). A NMREABEFMT, RATEFEM-TH 1-3 /N, DU
SISO AR ERA T, SRS EAT 3-4 A LA R 22 . B S AE 80 °C 95% RH %%
PERIREF 12 AN/, AT A% 5 B AR E PEVEAL .

R SR ORI ERE &, AX2-1). (2-2).

3.2.5 F2E MR

% ARLE K . RO TIEE 36 AN/INEE, ARJEEE . IR, uE. BT
F 90 °C 95% RH ZfF FANER 12 AN, AhHE 52 RS, WG RE T X4t
AT, DAV L as iR 1k
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33 ER5TL

3.3.1 MR EMFITRE M RIE

T 56, I ARSI I R FRATT I I T R K IS B D ) A T A 2 )
B o in FE B 4 2RI R (CaNoHs)[CACI(H32PO4) ]2, 8 I F 85 FL €
MoK o4& 5 (L = 0.71073 A)CCD [ FFHRII 8 AT 54X (Bruker APEX-I1), FH#aEA
5<20<50°, 33|55 FTEGE IR 3-1 Fivs.
7 3-1 SRR A A

TR Eugisl
Formula C3HgCd2Cl1aN2OsP
Mr 557.77
Temperature 293 K
Crystal size monoclinic
Space group Care
a[A] 23.0006(10)
b[A] 7.9169(3)
c[A] 7.2027(3)
alpha(a) [°] 90
beta (B) [°] 106.110(2)
gamma (y) [°] 90
Volume 1260.06(9)
Z 4
Dx, [g cm-3] 2.940
Mu(p) [mm-1] 4.087
F (000) 1056.0
R(reflections) 0.0143(1410)
wR2(reflections) 0.0333(1446)
Goof 1.151

W 3-1 R A Z4E FOR G AR AE — Pl dl i 5 EMSZ IR IR 1 (Cd), =&
FH 7N A7 B /N 4458 CdOLCla A # A DY TC A7 1Y) 885 B AR (Ha2PO4) DY T 44
MR BAMRIR T 5 WA POL WU R IL = AN, 5PN E LR85 )\ TH
RIL AN, IF5 PO VU T A S AH 4T 188 N TR L P AN, B4 PO4 DY THI
5 VAN B )\ T AR S = = AN, 5 @4%7?%@?%%0Hﬁ. il
(1) CAO4Cly )\ [ A 188 ok 3 S AR ()10 il B 4o, X 8 i Ha PO, PU [ 4
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R, WRAEMIE. BT — AN, BAARRIRA[CACI(H:2P0) ] - )R
T 5B RRAR H B AR T DA R SR 2 Y RO A B, I SR TE A S A B T AR e 4R
JRTFAE R G T A B . FEBERR AR (POL) AR (Cd) J5 T~ 2 (A AR AE JE A i, X i
LM BRSO T S5 R B B AHE S . I 2L B e A 2 I8 55 AR AR A S A —
i, TERERE M e S iR by . JUlEAE D), WAROTUEREA AR, 22— M
SIS T IRE R 77, 5 TS A b, R B M 2 o X R )
(AR A2 BT 53 7 H BT 20 A R B AN 38 STV BT 5 S ) e s A AR FE - 72 50
TR BE B A I 2 T e AT e AR 42 2 R, JufE e A B H i R ME, XN
BURH IS KT 0 T ARG RN 0 Tk, o) 2 4 RF sk g il ta e
W EE R — X RRTY, (A7ERA H AR AR, BT
REfS By 12 T B (R B 4zl , AT S iR R m R A E S, X
HESAEEFBUR TR HE R 713 Ko J2 1) B 55 - A DK 237 (C3NoHs) P
Hfif o (C3NoHs) 3l i e IE FLfig 5 J2 P i) 47 FR A A BV 4EFR AN R S5 1 1)
HLo P o AR R MR B, JERAE B8 45 0 v AE AR K B I < U TR
M°(C3NoHs, H3pPOs), RN BAABSZ 44, 82 (R BRI 2y 71— 20 5 i 42
W] H3nPOs T A5 2 B8 A 11421441,

@ca Ssa @p @0 @oN @C @ H T

Bl 3-1 (C3N2Hs)[CACI(H32PO4)]o i A 45 44 7 5 P

Figure 3-1 Schematic illustration of the crystal structure of (C3N2Hs)[CdCI(H32PO4)]2

AR DR )RR S5 R T RS E A7 A, XM AT 17 L5 KA 201 8]
MEAFH 7, WA e b 1 AL . AT I 3 00 52 21 S48 i 151 XRD
Kl 5 AR S5 R AT FITI A AT A P 2 T A AR R — B, X R IE
HBAUEW] 1 BATT AR DG HE AT e B 1 AR K FLSE A R (] 3-2a); %A RFRIME AR
MmN A R I ATR 12 AN/ AR PR, 125 A R 45 R PR DR A5 S8 3 T4t
IX R AR E PR DY MR R S IR BRSNS 1 e SIS i (1A
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3-2b). BEAL, M EME CREFUKER R T AR e thRe, X—rEE
RNHAEF I T SRR i i S 24 17 R R Ar st (Bl 3-2¢)

B, fH B AR e 4T A8 ' B (Fourier Transform Infrared Spectroscopy, fij #%
FTIR)(& 3-3a)7E 1101 cm™ F1 1082 em™ AL BLHE NI, 43 5%t B P-O-H 2 ¥R
SREYE, AR AESSARAIG RIS, 76 1047 cm™ A1 3145 em! A HBLI AN, X
FEBRIEER HH ) C-N A N-H FLHHRBN . 3 LR AE 0 1 H BILAE S 3 b 37 i b F A
TR RO E BEH . A Tt — D IRUEAE S R S R R AR e, FRATIXY
203 12 A /NI AR s AR 2% 1 AL B A 3R AT T LA R AE . AR EOR, FE
i PRV REAIE R ST U A6, B R0 R AR O, IR — MR 5 R B, RN FE b e
KA, AN 35 A IS 18] 5T A0 DK e (Xt 5 o X8 e AR I T
FE i FE AR S 25 2F T B ) S5 e R e 1 A 2 e B

(H) ~—— Experiment (b) ~—— After the impedance testing (C) J
—— Simulated — Simulated

i YR

ity(a.u.)
[
i
=
|
T—
t
[
|
i
(a.u.)
|
(
Intensity(a.u.)

— Soak in water
Soak in ethanol
— Simulated

J"_l_b"‘JL““_“““‘ _Ju_J_Ja_L.JL»M

s 0 1 z'omwi':wa‘n R A E * " M) A Ii;s}dcgrizl ¥ 0 5 8

3-2 (a) (C3N2Hs)[CACI(H32P04)]2~ (b) (C3N2Hs)[CACI(H32PO4) ], FEMR MR 26 1 (90°C

95%RH) AbFE 12 /NI (c) (C3N2Hs)[CACI(H32PO4)], 15 L BRI K HHIRE 36 /NI X5 26K
KATH (XRD)E 3

Figure 3-2 X-ray powder diffraction (XRD) patterns of (a) and

(b)(C3N,Hs)[CACI(H32PO4)]2after exposure to extreme testing conditions (90° C, 95% relative
humidity) for 12 hours, and (c)(C3N2Hs)[CdCI(H32PO4)].after immersion in ethanol and water for
36 hours

#AH 43 M1 (Thermogravimetric Analysis, [&F8 TGA) R 45 Fidt — P UEsk 1 1%
R SR AR E I . TG B IR, 7R 250 °CLLR, TG Hi 4k Bon b4 KBH B &
SEARORIF AL, RUIMBHE LR Ve B N B A R e ek, WA RAERE
(R4 Ml AR R . IR FEVE 2T 2 250-300 °CHY, TG B2k 746 H BT 20
b, REIMEOT L ES R . X BB ERUR N 11.54 %, 5ZH
IR M ) PR AR R AR R (12.33%) AR R, AR MR X R A, 5T ALK
MR BE AR T MR AR, (EA R BRI IR RS R E » HE— DT iR
% 300-350 °CIf, TG HiZk kS T B, BREHIR Y 11.54 %, 5B HTIN A #(CL)
R FHHI R EUR(12.68 %) )L —F. KRIFEILIREXE AN, #EE ]
RSP indty, SR TR, B PR ESKL. DTG ik i X R T
PR A7 2R d5 FRL IR B 45 o 7E 250-300 °C A1 300-350 °CIX [A] Y, DTG M2kt
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BL T PIAS I PR UL, 20 3l X L I 5 A R 14 2 A AT SR BB R o X —
B ot A5 R ) AV R TR R 2R I 3 DK U T I8 e IR BB 45 RR W,
B A A OB v AR T, MR RE DR LA M RS E P, LRI B LI i

?L%E[HS]Q

(a) After the impedance testing (h)ﬂ . I L1 (C) '"HNMR
(€3NI CICUH POy X e e e ~~726ppm

\ | — DTG . 10.72ppm
| “ ;'

inent|

15.76ppm
3asem™ VAN
N Notem? 1082em™!
AN -

] A 7em !

H o N\ - \l
£ . \/ X A ’// 7 g \
»

-1
loten? 1082em 3 '

DTG %%min )

e 132ppm

T ~F T T 70
3500 3250 1250 T 800
1

R T T T T =y T T T T T T T T T
Wavenumbers(em ™) 3100 200 300 400 300 600 700 800 30 25 20 15 10 5 0 5 10

Temperature(°C) Chemical Shift(ppm)

%] 3-3 (a) WK ATJE (CsN2Hs)[CACI(H32PO4)]o [ HLH- LT AR 1], (b)) AHIE ], (o) 2
AN
Figure 3-3 Characterization spectra of (C3N2Hs)[CdCl(H32PO4)]2: (a) Fourier-transform infrared
(FT-IR) spectra before and after testing, (b) thermogravimetric analysis (TGA) curves, and (c)
solid-state nuclear magnetic resonance spectra of hydrogen (' H NMR)
FERZBILIREDE CHNMR) 1, JATIE ] — Mz T 1.32 ppm FIZHHUR 1§,
X REWEE 7S 1 25 TR IR AR B 1 (H3nPOs) SR T HIAFAE « BERRAR & 1 R AR
T T HAE T AR BRI A S b, BRI AL A AR BRI ppm (), X2
HI TR ERAR (10 S X SR A T R I T BRSO . A 7.26 ppm 10.72
ppm A 15.76 ppm &b, FATFE R —RIE TN H I, X LRGN T2 8 T
ek A RIS R SR T BRI S, X8 AR 1B AR = (C-H).
B E(C-H) PR EN-H) I A AR o XLl 2 AR S 1 KIERAE | SR 1 i Ak
ke . b, BRI ppm R W 2R B E A 4RI FE A PR R A T
Blin, FEAN-H)R ST 28 TR AR, EE S SBEE TR A
Emin e s, B S ppm [ERSEN . IX LT RN 5T DR IR Y 25 R R T
N, PUNRR T LR IE i — D g5 1 3 Qa7 MBI g 1
WEANASHIE TR it £ P AN R 2 (30 °CRIT 65 °C) R HEAT 17 /KR PR At
BT AR RGPl . Bl (a-o) VEAR s 1 APRE B3R IR T (1 7KW B (Absorption)
AR (Desorption) 352k . WLERAS REH], AEPIARIZSRAT T, FEFE A KA1
BN, ORI R RPN RGOS . RRRESEE R, iR
30 °CTF 2 65 °CI, PHRHW B /K BN 2.58 mg/g 23T+ 2 3.07 mg/g. BEHE
IREERTH R, WK B MEEZ T e X EEHAE WA TR PRI 535 A 7K R B
AR RE o
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&l 3-4 (a)fF 30 °C 65 °CZ& A T (C3N2Hs)[CACI(Hz2PO4) ] B /K IR BRI 551 28, (b) 30 °C
R B /ARG I 2R, (c) 65 °C T W B /AR R A A 2%
Figure 3-4 (a) Water adsorption and desorption isotherms of (C3N2Hs)[CdCI(H32PO4)]2 at 30 °C
and 65 °C, (b) adsorption/desorption cycling curves at 30 °C, and (c) adsorption/desorption

cycling curves at 65 °C

332 R RS MRERIE

8 I 7K A B 28 1 (C3NLHs)[CACI(H32PO4) |2 dm AR 25 74 vh 87 K & G
KA T, XL Jf T AR TSI R 2O EN . B TER T8 2
JRFHMEEARE, K, F5 AR BN 1A S SR AL T AT RE.
I H A LA AR — > T8 B B S I 28 DUAB 3 0T 1, 31X AN I 28 60 T o+ 1) A
BREE, FHA LIENI - BRER MR, (615 51T REE 72 b M 45 Ky vh PR gt
¥, Mmi$emm 1 FHrkae. RN, R ARES BRI R miaE s, X
XTI T AR R U — A BRI . SR B E M B MOE AR B TR S
e, ARG G AR, M CRIE 10 75 FL M AR B RE A PRI AT SR
TE SR N o B A RAF RN AT S 0k, FRATTRZ AL R 7 1% 5 M e S R
BRI ) B R TT T RS BT AL

Ul 3-5(a-b)sE K M 45 SRR B, MR RILH T8 5 oK.
FEAAY s FBS TR, HoK il st gk /N 22 16° BLUR o 31X — #0408 5 77 ik B
TIPS B B RO AR R K, SO T LA T AR 5 R
T KA B N A R A BB . B 3-5¢ IR TR 30 °C. 65 °CE& A
TIHEER R THRSEE. 7£30 C&M THERE M 40% RH {271 %] 95% RH
JRFHFHRM 1.26x100S ecm™ #2 T+ E] T 2.61x10° S-em™ 7E 65 °CE A+ T bl & I
F£ M\ 40% RH $2 21 95% RH i 1 H FF M 7.39x10° S-em ' &2 -2 1 2.56x10*
S-em. BEEIREEITE, MBEIBOKEREEE 2 T, T HRSEAR 1A
BT, XTI R ETER R & SRR A E R X
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(c)
-32
3.6+ e M{!"
4.0 = il
‘L/
2
éc 44
-4.8
B el = B
30°C
5.6 T T T T T T
40 S0 o0 0 80 o0 100

Relative Humidity

K 3-5(a-b) (C3N2Hs)[CACI(H32P04)]> HIZEKMEMIERE, (c) (C3N2Hs)[CACI(H32PO04)]2 7E 30°C+
65°CHM T THE B 157 7 L 3 3 8]
Figure 3-5 (a-b) Hydrophilicity test images of (C3N2Hs)[CdCI(H32PO4)]2, (c) Proton conductivity
plots of (C3N2Hs5)[CdCI(H32PO4)]2at 30 °C and 65 °C under increasing humidity

3.3.3 BT SHHIHFIR

A, FRATEWFTE T %M RHE 55% RH A1 95% RH 4644 N i T4 S0LH]: =
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Figure 3-6 Proton conduction mechanisms of (C3N2Hs)[CdCI(H32PO4)],under different conditions:
(a) schematic illustration of proton conduction at 55% relative humidity (RH), (b) schematic
illustration of proton conduction at 95% RH, (c) activation energy fitting plots at 55% RH and
95% RH, (d) impedance comparison at 90 °Cunder 55% RH and 95% RH conditions
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Figure 3-7 (a-b) Impedance spectra of (C3N2Hs)[CdCl(H32PO4)]2 as a function of temperature
under 55% relative humidity (RH) and 95% RH conditions, (¢) comparison of proton conductivity
of (C3N2H5)[CdCI(H32P04)]2 as a function of temperature under 55% RH and 95% RH conditions,
(d) proton conductivity stability of (C3N2Hs)[CdCl(H32PO4)]atested for 12 hours under extreme
conditions (90 °C 95% RH)
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Figure 3-8: (a) Impedance spectra and (b) proton conductivity of (C3N2Hs)[CdCI(H32PO4)]2 in the
temperature range of -20 °C to 0 °C
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Figure 3-8 (a) Schematic illustration of the assembly of (C3N2Hs)[CdCl(H32P0O4)]2 into a proton
exchange membrane fuel cell.(b) Voltage and power density variations of the electrochemical cell
at different current densities, (c) Comparison of power density and proton conductivity, (d) and (e)
Surface scanning electron microscopy (SEM) images of the proton exchange membrane, (f) and (g)
Cross-sectional SEM images of the proton exchange membrane
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4.2.1 SEEGIRF

R 4-1 FE PRSI0 2wl AR

Ly i 2103 CI

HH = 98% BTz T 3R AT PR ]

N,N- 5 e i 99.8% BTz TR AT PR 2 ]

HR >99% BT T () A PR A

AR OO 99.9% & AL BB A AT BRA 7

PR AR I 24 B A R A R )
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1 FF S IR P i 1 98% T & B R AT BR A
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1- T BE MR -3- FH L R el 1 S 2 98% T & B TR BB IR A 7
1- TN FE AR -3- FF R IR A % S 98% T & B R R AT BR A
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4.2.3 MOF-808 BU& %

A % MOF-808, 5256 2 i S AR W3 4-1, 75 =IRFEM RIS, F 1.49
g 32 = FR(H:BTC) 58 &5 MR T 128 mL N,N-— F 5 FH Bk fie(DMF) 4 £ 3 50 ;
SRIGEL 2.16 g | EALEE (J\UK) (ZrOCl: » 8H20)5¢ VAR T 133 mL FHER i+
BI57, ARG IR RE R ST A 500 mL K BIEHES, £ 110 CH&MH4 T
IASERE 48 /NN HEAT ION, IROBLTERE , BRI SR A R =R, E S0
7720 2B T E e, AR5 T EUTEMA 250 mLDMF 1, BT 110 °C
i R (B0 8 /NI, BAERBRARBFE— B A=), HosEid e
O R B HUTEY) . R R EPUEMA 250 mL R, 78 80°C (1%
BRI (B 8 /NED) , FRUGEI B O 7 U B TR R TR A
UUE, B2 el Maith FTTEMTE 80 CCRIMAE T, H ZE 54 EHBRIEH.
TS5 B RN A R MOF-808 .

4.2.4 MImH2PO4@MOF-808 HI A B

TERFIFREL 0.2 g 119 1-F 2 DR IR iR & 25 (MImH PO4) N 2] 40 mL oK 1
H, R HET 80 cCHIMA SR, RN THERE, IEVEAR, BRORIE A EL
R A . 2 MImHPOs 285, TI 0.2 g i) MOF-808, 7 80 °C% 1T
I EE 48 h, IS B0 77 X B R UTE I R 2 B BT, &fERH K4
BEWEV =K, 1 80 °CCHUMLFE TR T8 10 208l BB LIS T, RGN
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4.2.5 PMImH,PO4@MOF-808 BYA& B
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IKCTE, BiFERIEME, FORIE P S BHERFIH . % PMImH2PO4 295 fif
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4.2.6 PSOsMImH,PO4@MOF-808 B & FX

ERAREL 0.2 g 1Y 1- P4 J e % -3 - FF SR K P2 1 R & 2R (PS OsMImH2PO4) I 2]
40 mL Jo/K SBEH, FdE 2RV, B ORI 5T 3 50 40 BAE VA 7 - 24 PSOsMImH,PO,4
RIS, NN 0.2 g ) MOF-808, 7E 80 °Ca& 1 N nFAdii+: 48 h, @it B5.0»
(177 253 B B UTE I T2 B EAUTE, i a oK SREGRE =X, 1£ 80 °CIH)
HEAE TR 10 2080, BRI BT, SRJETBON 80 °CI H A AR H A+
8 /NI, BRJGTE 120 °CEc M4 R G4k 24 /i, 753] PSOsMImH,POs@MOF-808
SREENFRY v 57 NP 107X 2 LS

4.2.7 PSOsMImHSO4@MOF-808 B & FX

ERRIPREL 0.2 g (1Y 1- 78 FHfif 1R -3 - H R K P2 7t 2 = 36 (PSOsMImHS O4) A
40 mL Jo/K SBEH, HHE VMR, B ORVE T3 50 0 BRI R o 24 PSOsMImHSOq4
EE RIS, NN 0.2 g ) MOF-808, 7E 80 °Ca& 1 N mFAdii+: 48 h, @it B5.0»
(177 253 B PTG T2 B EAUTE, i a oK SREGEE =X, 1£ 80 °CIH)
HEFE T4 10 4080, ZBRR I LB 1, ARJETBON 80 °CIH LA HEAH 2T
f 8 /NI, BRIGHE 120 °C26 A RiEAL 24 /NIsF, 483 PSOsMImHSO4@MOF-808
SREENER L~ 102X N

4.2.8 MOF-808. MImHPO4@MOF-808 41Kl H B F 8 S MK
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EE.
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4.3.1 MRS HANFRE M RAE

] 4-1MOF-808 e 125 1 A 1 S B 7 i 1
Figure 4-1 Schematic illustration of the grafting of ionic liquid onto MOF-808
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Figure 4-2 X-ray diffraction (XRD) patterns of four samples: (a) Comparison of experimental and
theoretical XRD values for MOF-808, MImH>PO4@MOF-808, PMImH>PO4@MOF-808, and
PSOsMImH2PO4@MOF-808, (b) XRD patterns of the four samples after treatment under extreme
testing conditions for 12 hours,(c) XRD patterns of the four samples after soaking in water for 36
hours, (d) XRD patterns of the four samples after soaking in ethanol for 36 hours
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Figure 4-3 Characterization of MOF-808, MImH2PO4@MOF-808, PMImH2PO4@MOF-
808, and PSO3;MImH,PO4@MOF-808: (a) Fourier-transform infrared (FT-IR) spectra, (b)
Nitrogen adsorption isotherms, (¢) Pore size distribution of MOF-808, (d) Pore size
distribution of MImH>PO4@MOF-808, (e) Pore size distribution of PMImH>PO4@MOF-808,
(f) Pore size distribution of PSO3:MImH>PO4@MOF-808
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Figure 4-4 (a) SEM and elemental mapping images of MOF-808, (b) SEM and elemental
PMImH2PO4@MOF-808,(e-h) Energy-dispersive X-ray spectroscopy (EDX) spectra of
the respective sample
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Figure 4-5 X-ray photoelectron spectroscopy (XPS) spectra of MOF-808,

MImH>PO4@MOF-808, PMImH>PO4@MOF-808, and PSO3:MImH>PO4@MOF-808: (a)
Survey spectra, (b) Cls, (c) Zr3d, (d) P2p
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Figure 4-6 (a) MOF-808, (b) MImH2PO4@MOF-808, (¢) PMImH>PO4@MOF-808, (d)
PSOsMImH>PO4@MOF-808 impedance spectra under increasing temperature at 95% RH, (e)
Comparison of proton conductivity derived from impedance spectra of the four materials under
increasing temperature at 95% RH, (f) Stability test of the four materials at 80°C and 95% RH
over 12 hours
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Figure 4-7 (a) Schematic illustration of proton conduction mechanisms for three ionic liquids, (b)
Impedance spectra of the four materials at 80°C and 95% RH, (c) Activation energy fitting plots
for the four materials
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Figure 4-8 (a) X-ray diffraction (XRD) patterns of PSOsMImHSO4@MOF-808 before and
after exposure to extreme testing conditions for 12 hours, (b) Fourier-transform infrared
(FT-IR) spectra of PSO;MImHSO4@MOF-808
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Figure 4-9 (a) Impedance spectra of PSOsMImHSO4@MOF-808 under increasing temperature
at 95% RH, (b)Proton conductivity plots of PSOsMImHSO4@MOF-808,(c)Proton conductivity
stability of PSOsMImHSO4@MOF-808 measured over 12 hours at 80°C and 95% RH
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T e EOIR SRS TR T, ARSI T R SR B E R o
FRI, R LA A Y(LRHs )@ i B 22 ik 5] N & Erim ik & 7 IR
(41 HoPOss SO25E) , HR T SRR B EE R . BAINS, 7£80°C
F195% RH 264+ F, LRH-CIMER FHF2EA 6.13x103 S:em™; 11 5| A\ H2POs
B2 ) LRH-H-POS A4 BRI H HE S 0 7 22 1.84x1072 S-em ™, #HELZ T,
LA T ONIE IR R T AR SO2 B, LRH-SOZ# B 7 H SR A
2.97x10° Scem™ EFALT LRH-CIAM R LRH-HPOs A KL, 1IX—&5 KRB, 3]
NE EiE IR ST R BN i 715 S YR i A B s E A - it — 2D s R B
JIRFA% FHLI 358 Grotthuss AL, BT -8 iok S8 ) 265 1) e idt Bk R S BLA% 5
X RIAMAE R T 716 SR S8 TS AL H AN IR R , 1IN G 22
PERE BT A& AR T S TF R SR 4t 1 3 S BEAG B A A SL 30K 5

2. ISR EMER, SRELT R E TSR

FRIIE BT — P Y ) 4 R R A5 M A RH((CaN2Hs)[CACI(H32P04)]2),  £EAR
MBREEFAE T, HR T S8 4 f B RE SR (344D I [a] J5T ALk e
(AR BhFAE FH S 248 T E % 95% RH I, Jif 1% S i i 28 b A i g
A (AR FZ R AR, K CRARD PREFER SEEL. 1A RHE
90°C F 95% RH &4 N I H A =y AR 1 L2 %6(2.57%x102% S'em™), HAK
WA E I, FEEMRIR(-20-0 °O) 25 NI IRFF R EF I 11 FERe. 1 LR
VERE R 746 SR 28 B BRRL I A, SEIL T S h 3R % (104 mW-cm?), IEH
T HAESEBR R R 7 o X S B AMYAE =i B SR A N R AR R AR T
YERE, IEAETCK AR T I R4 Fa e .

3. R AL JE &1 MOF-808 4 J@ 1 55, R 1% SHLH

T MOF-808 ¥4 & 15 s JE A7 J5 121 skms, @ 5l NI & A R &1
AR (o 1-H R KRB R A h . 1-PA JE R R -3- F S DK MRl iR S B L 1-TH BT PR - 3-
FEEDKMERR IR A 355D, RERTT L Mg, EARRI, HE sk E
JiR TR E R BE R R T SR W, T AL Vehicle HLEIHE AL A
Grotthuss HLll, JEREFEAK. A8 & F iR B B T, KI5

59



TR R
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52 RE

JE AT R SRR G B L 1A% S PERE DT TS 1 R itk , H
VoA — e ol U 2L — DAl ik, ARRAIBE TS R A4

MR EE— B0 R0 & A R SRR S0 S 26 N R B L - PR RE
EAESKBR BH R AT 2 AiAG . Biltn, T DUE AR AR S f s, itk
AR AR R PERE, FRIRENEILRE, A AR IR AR B 26 1F N B RE
RCLAES

KIWAEPERIAR T B SEIG AP RLER I Y R4 AR AR e 1, (BAE K
T RET, MR RE R 2 BT v HURRE 10 S IR IS . ROR 75 BT A
Fesg AT RHAR 2R, DA A R R b 7 S B I P R PR AR 265K

FAS AR IR S0 < 1 e A MR G ORI T A s v, R T OSSR F
AR T T BARR EL G RN G 7%, AR RISA, [R5 s ] [l
PERIIASE R o

PSR R0 : TR T4 SR A Bk . MERLRLE . P2
AR KRR LU is AR a4, S SIS THEA SIS T, IR AP 715
ML), PR EA S PR RE AR A R

SE BRI IR = B 1 ORE R AT, ot it A5 1A% S AR HEAL S AR S
HL AR C AP S5 At AT ¥ A L FH L o AR OR T AR 2R X SRR A BE 22 QR 14 L
H s HESNASR BRI A -

S [RIRL, AT TN iy iy SR o 1A% 3 A N P S 43 3 1) SR s AN
%, RRMBTFOR B TR R, 3t DI RMERE, HESh AR L PR b
R 2 A8
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