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Fig. 8 Mechanical properties and mechanical stabilities of PEEK and QAPEEK membranes

% 3 PEEK # QAPEEK £ £ 0. 1 mol/L KHCO;
R P Zeta WAL
Table 3 Zeta potentials of PEEK and QAPEEK

membranes in 0. 1 mol/L. KHCO; solution mV

PEEK QAPEEK-Tm QAPEEK-pip QAPEEK-mp

—61.7

2.5 OH &SR S®EFEUSN

LA CO, 320 I B 28 7 S 4 KN HL AT 45 v
) OH 453, 75 QAPEEK i TEC AR T 4 1%
OUT eSS K SRR AR OH 12 53R
MY 7 QAPEEK J# ', QAPEEK - pip Jif 14
OH {LS% &k, 73k 15. 62 mS/cm, 3% 7] IH K T

10.9 12.3 12.1

HEAIE WK 55 G oK 53 50 AT RN A
AR E FEREE U OH £ 5%, 1M
QAPEEK-Tm JEEM /K F i k33 OH B 5 5K
Sy Z RSG5 B D i1 OH B Fit B
R, T A H OH & 5 340N 6. 95 mS/em, I
Zh QAPEEK —mp A4 U 7K 80k vy i A5 5 N W i 1
i Z WK KGRI OH JE K-S 2 BR
T OH BTy Ahizsh, 8 72y, dofli
OH f& 'R T, R IR B 1Y T+ QAPEEK
JEER OH ™ A% S 3B, 33 th I B9 T (il
OH™ FI/K 53 ¥-1z 3 3 46 J B QR 25 40 4 s 491 32 i
P AR RE T OH R R g i 8,

1 20 CF 4 9AE 0. 1 mol/L KOH,0. 1 mol/L



55330

X 5% 5 - 2 e A1 SR T PR I 5 1 4% 370 B LA LA AR CO 3R IR B9 )18 1 .31 -

K.CO; #1 0. 1 mol/L. KHCO, % ¥ % QAPEEK
R OH \COZ Fl HCO; (&SR FEAT T E , 45
HAnE 9(b) k. QAPEEK - pip Y OH £ 5
LW 5 T QAPEEK-Tm Al QAPEEK -mp Ji&, i
QAPEEK - pip () CO;~ 1 HCO; £ SRk m T

60
—v— PEEK-Tm
—. 50 } —*— PEEK-pip
g —A— PEEK-mp
240
%
E .
v 30 + g /I/I
ok e ¥
e
3 10} a—a—
-
0 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90

HREE /°C
(a) QAPEEK EAER R T /) OH™ (& 33

QAPEEK-Tm #l QAPEEK - mp i, ## OH %
PEEITFE A X AT : QAPEEK - pip B OH £+
PE(56. 2% L T QAPEEK — Tm i (47.9%) #il
QAPEEK-mp I (54. 8%0) , X B & QAPEEK - pip
AT g5 T S AR CO, B PERE

oo}y
HCO;
rm oH"

SR /(mS-cm™)
© —~, N W A L O N ®©

7N
EK-pip

PEEK-Tm P

=

(b) QAPEEK JIEf CO3 . HCO; , OH {5 8§:%

El9 QAPEEK fify OH &SR S5k itk
Fig. 9 OH™ conductivities and selectivities of QAPEEK membranes

2.6 HEEL CO, EEERES

1E H AR fif it QAPEEK FR i Ha ik CO,
WEMERENE 10 10 fifs. fE—1.7 VR,
QAPEEK - pip iy CO 35 S 5CE A CO 43 H i
BEREAY 5 K 98. 09% A1 —11. 56 mA/em?, ¥ & T
QAPEEK - Tm fi (92. 36%, — 9. 8 mA/cm®) FlI
QAPEEK-mp % (94. 64%,—10. 4 mA/cm?), It
A TEAHIFE LR T s QAPEEK - pip k45 5 m 19 CO
TR X 2 QAPEEK - pip EE A AL
) OH L33, B B R B3, QAPEEK ()
CO LR ROR B BRI 5 W/ . X —3
SRR N . W H TR . CO. A AR 790 3 1 A9 W%
B 5 T AR 3, NITTER &5 1 ALtk CO, i J5
O SR 5 AR 2 H i = i, 5 CO, 38 BN o 4
AT RN 25 3, S B AR CO, IR 5
WM TR SRR S CO BRI R, ke
SR OCHEPERE AR bR 2 — I Z2E T 24 h By FL AL
CO, MR, QAPEEK - pip L4512 96 %0 1)
CO BHIEERR L —11. 1 mA/em? 1) CO 43 Hi 37 5%
FE . 45 R UL QAPEEK - pip JE7E HfiE fk CO,
R R ML S BRI R KE TRk . BeAh,
£ MEA J i #% . QAPEEK B HL ik CO, i )5
PEREANIEI10 Co) PR AE TR — Ui %5 T, AR T

QAPEEK -Tm f1 QAPEEK-mp i, QAPEEK - pip
PR R E R CO BRI, BHmEEN
—60 mA/cm” I, QAPEEK-pip (% CO yEhr 455k
RIKFE] 92. 5%, X EEIHH T QAPEEK - pip H7E
OH LB Myt HrE 7 L% . QAPEEK - pip
JEEAE MEA J )i #i th i 228647 24 h iy B4k CO,
b JE M BE P 10 Ced BT aR. 16 L% BN
—60 mA/cm® Fi%E£LiE4T 24 h, QAPEEK-pip &AY
CO 5 Fi7 55 2058 F0 HL R 34 29 0 B 7 9200 M
—3.1 V, HIE %=k, 5 QAPEEK - pip JEYE i 1]
ML CO, i J5 S bR i FH R e MR = 25 1
QAPEEK - pip RAE I ] FL A4k CO, 3 I J7 T
HAWBEN .

3 ik

Tl [a] L AR CO, 3R TN SR R A TRAR L
AN BB 625 1 3 A& A AN R 22 f b 2
M QAPEEK B &+ 2c 4 i, 7EfT A QAPEEK
B s 1 sc i rh , QAPEEK - pip SR T I0R 1)
P RE AL M AL CO. R ERE. QAPEEK - pip
5B A OH (£ 53:22(15. 62 mS/cm) #1 OH
PEFEPE(56. 2%0) . il QAPEEK -pip ) H Bl
figg b 1) COBE P A BCR AT CO %3 HL I 2 1 40 53 Ay



© 32 . BB % 5 8 OR 5545 45
—~ _25} —— QAPEEK-T: I 120 | 22 QAPEEK-Tm 72 QAPEEK-Tm
& 25 e 8 APEEK_P$ 1 &S QAPEEK-pip 100 | S QAPEEK-pip
§ 20b —* QAPEEK-mp R 100 - MMQAPEEK-mp g g o X m QAPEEK-mp §
< v & A N Nl N N R e 80F - . N. N
: NI Al AN A Al A ANl NIl N N N
£ ol = NN O NN = ol AL ONT NT NI N
G XYY
2 & 20N N N N N AL N 2Ol N N AN g
= E A AL A A A A Al ANl NI NI NIl N
o S N A A AL AN A | 2 ANl ANl ANl NIl N
-5t NI L A L O A | © 20F AN OAIE OAXIE OANIE D
K 20NN AN A N AL AN AN AN
NIl NIl ANl Al -N
-1.1-13-15-1.7-19-2.1 -23 -1.1-13-15-1.7-19 -2.1 -2.3 -30 -40 -50 -60 -70
H1JE /(V vs. RHE) HLJE /(V vs. RHE) HLILE /(mA -em”)
(a) {11} QAPEEK Rf) H AU fifth (b) {1/ QAPEEK i) H AU (c) 1] QAPEEK A MEA S
CO ST HL R CO BEHIEER R CO BRI R
—~ —60 ) -1.0 [
|E 50 990000000000009000000000000 100 = 09000900900000000000000000
o VT o ~-15F °
< 40t B0 2 80 &
5, M- = -2.0+ bR
m 30f 160 = >_25_ 160 =
B 0 o '
2 ] 1 ez L 2 30F 140 &
m -10F M = : H
R of 120 8 35t 120 S
<
S 10 - ; - : 0 -4.0 : - - - 0
0 5 10 15 20 25 0 5 10 15 20 25
fffE] /h i 1E] /h
(d) 7 -1.7V'F, f#H] QAPEEK—pip R (e) £ 60 mA/em T, 1] QAPEEK-pip 51y
H BUHL A LA AL CO, iR IR A e M MEA KN #s AL CO, iR A E
& 10 QAPEEK Ry HLfi{L CO, iR JFPERE
Fig. 10 The electrocatalytic CO, reduction properties of QAPEEK membranes
98. 09 % F1—11. 56 mA/cm? , ¥4 15 T QAPEEK-Tm 2385-2408.
1 QAPEEK - mp i, 30 QAPEEK - pip &1y [4] Samah A M, Fahim A Q. Chen C Z, et al. An over-

MEA I hi#s#y CO EFIERCR W& F QAPEEK
—Tm M QAPEEK-mp &, 14h, QAPEEK-pip JI&

e H BRI fith f MEA [ s o405 iE 22121724 h -
R S B AL CO, IR AR E M. 25

. QAPEEK - pip RAEHLAE L CO, Eﬁﬁﬁi@ﬂ)

Hh RGP Ty, O B B 1 AR AR SR B 4 TR

F1 S B [6]

Sk

[1] MaD, JinT, Xie KY, etal.
architecture design and optimization for electrochemical
CO; reduction[ J]. J Mater Chem A, 2021, 9. 20897-
20918.

(2] 0 olie, EBESG, 5k 2%, S5 WUPESREBERERR 2 1AL
Jh 5 B LT BERE 2 S 4HOR, 2023, 43(2): 17-
23.

(3] XUHBTF, 22083 4T 2% 55, Atk — A Ab it st il
R LT ] AL TR, 2024, 75(T):

7]

An overview of flow cell

(8]

view on the recent developments of Ag-based electrodes
in the electrochemical reduction of CO, to CO[J]. Sus-
tain Energ Fuels, 2020, 4. 50-67.

XEe. 2 A ik A, 55 i iEfl COLB RS TR
Cuy O AR 1 ] 8 S LA T AP P S5 7 4 ) 7
JALT]. Sk k2= 6 IR A B 5 8 17, 2023, 29(5):
992-1000.

Nguyen T N, Dinh C T. Gas diffusion electrode design
for electrochemical carbon dioxide reduction[J]. Chem
Soc Rev, 2020, 49(21). 7488-7504.

Garg S, Rodriguez R, Carlos A, et al. How membrane
characteristics influence the performance of CO, and CO
electrolysis[ J]. Energy Environ Sci, 2022, 15(11);
4440-4469.

Endrodi B, Kecsenovity E, Samu A, et al. High car-
bonate ion conductance of a robust PiperION membrane
allows industrial current density and conversion in a
zero-gap carbon dioxide electrolyzer cell [J]. Energy
Environ Sci, 2020, 13(11): 4098-4105.



e

34

X 5% 5 - 2 e A1 SR T PR I 5 1 4% 370 B LA LA AR CO 3R IR B9 )18 1

e 33 o

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Sreekanth N, Shoji M, Hidenori K, et al. Start-stop
cyclic durability analysis of membrane-electrode assem-
blies using polyflourene-based electrolytes for an anion-
exchange membrane water electrolyzer[ J]. ACS Sustain
Chem Eng, 2023, 11(25): 9295-9302.
Bastian R, Konstantin V F, Bernhard S, ez al. Impact
of the PiperION anion exchange membrane thickness
on the performance of a CO,-to-HCOOH three-com-
partment electrolyzer[ J]. Ind Eng Chem Res, 2024,
63(9): 3986-3996.
Wang X Z, Chen W T, Yan X M, et al. Pre-removal
of polybenzimidazole anion to improve flexibility of
grafted quaternized side chains for high performance
anion exchange membranes [ J]. J Power Sources,
2020, 451, 227813.
Park S, Shao Y, Liu J, et al. Oxygen electrocatalysts
for water electrolyzers and reversible fuel cells: Status
and perspective[ J]. Energy Environ Sci, 2012, 5.
9331-9344.
ik, RO, XIS, L T HAE L CO, B
o7 FH 1 2 A 50 I I P R 1y i & Be ke R ) ). 8
TR G, 2024, 40(4); 312-321.
Zhang M, Hou SY, Li Y, et al. Swelling character-
ization of ionic responsive superabsorbent resin contai-
ning carboxylate sodium groups [ J]. React Funct
Polym, 2022, 170. 105144.
Wu XY, Chen N J, Klok H A, ez al. Branched poly
(aryl piperidinium) membranes for anion-exchange
membrane fuel cells[J]. Angew Chem Int Ed, 2021,
61(7). 14892.
Cao N, Sun Y R, Wang J, et al. Strong acid- and sol-
vent-resistant polyether ether ketone separation mem-
branes with adjustable pores[J]. Chem Eng ], 2020,
386 124086.
Syarifah N S S D, Muhammad N A M N, Juhana J, et
al. Development of sulfonated poly ( ether ether
ketone ) /polyethersulfone-crosslinked quaternary am-
monium poly (ether ether ketone) bipolar membrane
electrolyte via hot-press approach for hydrogen/oxygen
fuel cell [J]. Int J Energy Res, 2021, 45(6): 9210-
9228.
Nehal H R, Sarthak M, Shubham M, et al. Fabrica-
tion of efficient bipolar membranes with functionalized
MOF interfacial layer for generation of various carbox-

ylic acids via electrodialysis[ J]. Chem Eng J, 2023,

[19]

[20]

[21]

[22]

[23]

477, 146765.

Ren X M, Chen Y'Y, Wang Y, etal. Grafting modifi-
cation of thin-film composite membrane with quaterna-
ry ammonium polyelectrolyte for Mg?" /Li" separation
[J]. ] Environ Chem Eng, 2024, 12. 112223.
Michael J B, Alexander ] R, Javad N, et a/. Plasma
polymerization of (2,2, 6, 6-tetramethylpiperidin-1-yl)
oxyl in a collisional, capacitively coupled radio frequen-
cy discharge[ J]. Biointerphases, 2020, 15(6): 1007.
Peng HW, YuK C, Liu X F, ef al. Quaternization-
spiro design of chlorine-resistant and high-permeance
lithium separation membranes [ ] ]. Nat Commun,
2023, 14, 5483.

Nhung L, Kim 1Y, Young SY. Quaternized chitosan-
based anion exchange membrane composited with quat-
ernized poly (vinylbenzyl chloride)/polysulfone blend
[J]. Polymers, 2020, 12(11): 2714.

TR, Bebeie . B 2%, . REEBEER 0 Sior: K
WEFEHERELT ] BB . 2022, 50(9): 123-128,

[24] Nakwon L, Diem T D, Dukjoon K. Cyclic ammonium

[25]

[26]

[27]

[28]

[29]

grafted poly (arylene ether ketone) hydroxide ion
exchange membranes for alkaline water electrolysis
with high chemical stability and cell efficiency [ ] ].
Electrochim Acta, 2018, 271 150-157.

YuJ L, Shao Y S, Hong B C, et al. Modification and
properties characterization of heterogeneous anion-
exchange membranes by electrodeposition of graphene
oxide (GO)[J]. Appl Surf Sci, 2018, 442, 700-710.
Zhang ] W, Ling Q J, Wang Q X, et al. A quatern-
ized poly(aryl piperidinium)/quaternary MXene based
three-layer membrane for alkaline anion exchange
membrane fuel cells[J]. Int J] Hydrog Energy, 2024,
56 1-6.

Dong DW, Xiao Y F, Zhang M H, et al. Crosslinked
anion exchange membranes with regional intensive ion
clusters prepared from quaternized branched polyethyl-
eneimine/quaternized polysulfone [ J]. Int J Hydrog
Energy, 2022,47. 24991-25006.

Eric W L, Benjamin A W M, Fraser G L P, etal. Gas
diffusion electrodes and membranes for CO, reduction
electrolysers[ J]. Nat Rev Mater, 2022, 7: 55-64.
Jeffery B G, Daniel ] M, Joel W A, et al. The techni-
cal and energetic challenges of separating (photo) elec-
trochemical carbon dioxide reduction products [ ] ].

Joule, 2018, 2. 381-420.



© 34 . R e 5 R # 45 %

Construction and application of quaternized polyether ether ketone
membranes for electrocatalytic CO, reduction

LIU Xueling , GAO Ling , YANG Hongyan, LI Jinchao,
CHEN Liang, CHEN Qin, ZHANG Yaping

(Engineering Research Center of Biomass Materials (Ministry of Education), School of Materials

and Chemistry, Southwest University of Science and Technology, Mianyang 621010, China)

Abstract: In this paper, the polyether ether ketone containing benzyl bromomethyl (PEEK -Br) polymer
was obtained by substitution reaction using the self-synthesized polyether ether ketone (PEEK) as the
backbone., Subsequently, a series of quaternized polyether ether ketone (QAPEEK) membranes were
prepared by reacting the PEEK — Br with different types of quaternary ammonium compounds. The
chemical structures, micro-morphologies, physico-chemical properties and electrocatalytic CO, reduction
performances of QAPEEK membranes were systematically investigated. The results showed that the as-
prepared QAPEEK - pip membrane with 1-methylpiperidine as the quaternary ammonium compound had a
excellent OH™ conductivity (15. 62 mS/cm) and selectivity (56. 2%). The CO Faraday efficiency and CO
partial current density of H-type electrolytic cell with QAPEEK-pip membrane could reach 98. 09% and
—11.56 mA/cm®* at —1.7 V, respectively. And, the CO Faraday efficiency of MEA reactor with
QAPEEK-pip membrane was 92. 5% at —60 mA/cm’. More importantly, the QAPEEK - pip membrane
exhibited excellent performance stability in the H-type electrolytic cell and MEA reactor after 24 h
continuous operation. Based on these findings, this work not only investigated the influence of molecular
structure and quaternary ammonium group type on the performance of QAPEEK membranes, but also
provided practical references for the development of electrocatalytic CO, reduction membrane material.

Key words: membrane; quaternized polyether ether ketone; electrocatalytic CO, reduction
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