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Predisposed Intrinsic and Extrinsic Proton Conduction in Robust
Covalent Organic Frameworks for Hydrogen Fuel Cell Application

Yi Yang,® Xueyi He ! Penghui Zhang, Yassin H. Andaloussi, Hailu Zhang,! Zhongyi Jiang, Yao
Chen,™ Shenggian Ma,[d Peng Cheng, and Zhenjie Zhang*Ild

Abstract: Developing new materials to fabricate proton exchange
membranes (PEMSs) for fuel cells is of great significance. Herein, a
series of highly crystalline, porous and stable new covalent organic
frameworks (COFs) have been developed by a stepwise synthesis
strategy. A high density of azo groups accompanied by phenolic
hydroxyl groups are integrated into the COF structures, allowing azo
groups to serve as proton acceptors and load sites for added acids,
while phenolic hydroxyl groups serve as proton donors facilitating
proton conduction. The synthesized COFs exhibit high hydrophilicity
and excellent stability in strong acid or base (e.g. 12 M NaOH or HCI),
and boiling water. These features make them ideal platforms for
proton conduction applications. Upon loading with H3PO,, the COFs
(HsPO,@COFs) not only realize an ultrahigh proton conductivity of
1.13x 101 S/cm, the highest among all COF materials, but also
maintains high proton conductivity across a wide relative humidity (40-
100%) and temperature range (20-80 °C). Furthermore, membrane
electrode assemblies are fabricated using HsPO,@COFs as the solid
electrolyte membrane for proton exchange resulting in a maximum
power density of 81 mW/cm? and a maximum current density of 456
mA/cm?, which exceeds all previously reported COF materials. This
work not only develops an approach to prepare COFs with multiple
bond linkages, but also sets new COF benchmarks for proton
conduction and PEM fuel cell performance.

Introduction

Global energy demand is continuously increasing, but
nevertheless energy supply is still mostly derived from the
combustion of fossil fuels which unavoidably brings about severe
environment issues, such as air and water pollution.! Thus,
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developing clean and renewable energy is in urgent demand.
Hydrogen fuel is an ideal candidate to address this challenge due
to its high energy density and clean combustion product (i.e.
water).?* Hydrogen fuel cell (HFC) technology, especially proton
exchange membrane (PEM) fuel cells, offer a clean and reliable
alternative energy source due to their high energy conversion
efficiency, zero emissions, and mild operating conditions.®
Currently, exploring new proton conducting materials that can
serve as solid electrolyte membranes of PEM fuel cells is a
primary focus in this field.®1* At present, few materials offer the
high proton conductivity and long working life necessary for
commercial application, with the main exception being Nafion, a
perfluorinated sulfonated polymer. However, the high cost,
synthetic challenges and restricted operating conditions hinders
further application.'>*®* Therefore, developing alternative
materials to fabricate PEMs is of great significance and urgently
needed.

Organic polymers have offered great promise for PEMs owing
to their potential for high porosity, good structure robustness and
facile membrane fabrication.'*?° However, traditional organic
polymers are amorphous and difficult to achieve well-defined
control of structure and pore environments (i.e. pore size, shape
and exposed functional groups), thereby leading to a lack of
thorough understanding of the structure—property relationships
involved.?22 In the past decade, covalent organic frameworks
(COFs) have emerged as a new class of crystalline porous
organic polymer materials and demonstrated great potential to
overcome the limits of conventional organic polymers owing to
their well-defined structures, high surface areas, fine-tunable pore
environments, and custom-design functionalities.?*%> These
advantages render COFs a promising platform for proton
conductivity and PEMs. Recently, significant progress has been
made by Dichtel,*® Banerjee,®” our group® and others® to
fabricate high-performance COF membranes. The Banerjee
group achieved a benchmark proton conductivity (7.8x102 S/cm)
for a freestanding COF membrane which further served as the
PEM of a membrane electrode assembly (MEA) and delivered the
highest power output (maximum 24 mW/cm?) among all reported
COFs.%0 Currently, there are two facile strategies to fabricate
proton conductive COF materials: i) fabricating intrinsic proton
conductive COFs via covalently incorporating proton donor
groups such as sulfonate, imidazole and phenolic hydroxy! groups
into COF skeletons;*! ii) endowing COFs with extrinsic proton
conductivity via doping proton carriers such as H3PO, into COF
pores.*?*6 For this strategy, COFs should possess functional
groups with high binding affinity to the proton carriers to prevent
leakage. For example, azo (N=N) groups can bind with H,PO4~
anion from Hs;PO, via hydrogen bonds to facilitate proton
conduction.*>#” To maximize the conductivity performance of
COFs, afeasible approach is to combine the above two strategies
together to fabricate COFs with both intrinsic and extrinsic proton
conductivity in one system.
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Figure 1. a) lllustration of the synthetic route of NKCOFs. b) The hexagonal structural of NKCOFs. c-f) The side views of NKCOF-1, -2, -3, and -4, respectively,

resulting from the eclipsed AA stacking.

In this study, we created a stepwise synthesis strategy to create
COFs with multiple bond linkages and functional groups that are
not easily produced via the traditional one-step synthesis strategy
(Scheme 1). A series of highly porous and robust COFs (NKCOF-
1, -2, -3, -4, NKCOF= Nankai Covalent Organic Framework) with
an abundance of proton accepting and donating groups were
successfully synthesized via this stepwise synthesis strategy. The
resultant NKCOFs possess azo groups that allow the doping of
HsPO., for extrinsic proton conductivity, while phenolic hydroxyl
groups present in NKCOFs serve as acids to directly donate
protons for intrinsic proton conductivity. Meanwhile, the azo
groups and phenolic hydroxyl groups endow NKCOFs with high
hydrophilicity, which promotes the absorption of water molecules
into COF pores and thereby facilitates the proton conducting
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Scheme 1. lllustration of traditional one-step synthesis strategy of COFs with
single bond linkage and our synthesis strategy to fabricate multifunctional COFs
with multiple bond linkages.

Results and Discussion

To demonstrate the strategy to design proton conductive COFs,
a series of NKCOFs with an abundance of azo and phenolic
hydroxyl groups were synthesized (Figure 1a). Taking NKCOF-1
as a representative example to explain the synthesis process, a
Cs-symmetric precursor of Azo-NHBoc with three azo groups and
three phenolic hydroxyl groups was first synthesized from a
reaction of N-Boc-p-phenylenediamine with phloroglucinol under
mild conditions (yield: ~80%) (Figure S1-S3). Subsequently, Azo-
NHBoc monomer was reacted with 1,3,5-triformylphloroglucinol
(TP) in a mixed solvent of mesitylene, 1,4-dioxane, 6 M acetic acid
and trifluoroacetic acid for 3 days at 120 °C. A black powder of
NKCOF-1 was harvested in a yield of 85%. Adopting identical
synthetic procedures and replacing TP with other aldehydes such
as  2,5-dihydroxyterephthalaldehyde  (DPA), 1,3,5-tri(4-
formylphenyl)benzene (TFB), and 1,3,5-tri(3-hydroxy-4-formyl-
ethynylphenyl)benzene (THEB) (Figure S4-S6) afforded NKCOF-
2, -3, and -4 (yield: 84%, 90%, 87%), respectively (Figure S7). It
is notable that this is the first example to directly react -NHBOC
with -CHO groups to synthesize new COFs. This synthetic
method was verified by synthesis of a model compound by
reaction of Azo-NHBoc with 2-hydroxybenzaldehyde (Figure S8-
S10).

Attributed to this stepwise synthesis strategy, various bond
linkages and functional groups can be introduced into the skeleton

This article is protected by copyright. All rights reserved.
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of afforded COFs, which may otherwise be difficult to produce.
The formation of NKCOFs were confirmed by Fourier-transform
infrared (FT-IR) spectroscopy and solid-state 3C cross-
polarization magic angle spinning nuclear magnetic resonance
(CP-MAS NMR). Compared with the corresponding aldehydes
and Azo-NHBoc monomer, FT-IR spectra of the NKCOFs
showed the disappearance of characteristic absorption peaks of
aldehyde C=0 (1634-1682 cm™) stretching bands, and the
disappearance of N-H (3306 cm?), C=0 (1704 cm™) and C-H
(2978 cm?, 2931 cm'?) stretching bands from Azo-NHBoc (Figure
2a and S11). The appearance of characteristic signals for the two
distinct bond linkages of C=N (stretching bands at 1614-1687 cm"
1) and N=N (stretching bands at 1453-1473 cm™, and 1397-1402

cm?) finally confirmed the successful construction of the NKCOFs.

In addition, NKCOF-1 showed peaks at 1575 cm™ and 1660 cm™*
assigned to the stretching bands of C=C and C=0 of the enol-keto
tautomer form, respectively. NKCOF-4 showed a peak at 2158
cm! assigned to stretching bands of the C=C triple bond. The 3C
CP-MAS NMR spectra further confirmed the formation of COFs
(Figure 2b and S12). All NKCOFs possess a peak between 145-
165 ppm assigned to the carbon of the imine bonds. Additionally,
keto-enol tautomerism was observed in NKCOF-1 with the peaks
at 184 ppm assigned to the C=0 (keto form), and 147 ppm, 102
ppm assigned to the C=C (enol form). NKCOF-4 showed a
characteristic peak at 91 ppm assigned to the C=C triple bond.

b) .

3800 3000 2500 2000 1800 1000 250 200 150 100 50 0
Wavenumber(cm™) Chemical shift (ppm)

Figure 2. a) FT-IR spectra of NKCOF-1 compared with reactants. b) **C CP-
MAS NMR spectra of NKCOF-1.

The crystalline and porous structure of NKCOFs were verified
by powder X-ray diffraction (PXRD) analysis, electron microscopy
images and nitrogen adsorption-desorption isotherms. As shown
in Figure 3a, the PXRD pattern of NKCOF-1 exhibits a major peak
at 4.56° with minor peaks at 8.34° and 27.34°, assigned to 100,
110 and 001 faces, respectively. The observed PXRD pattern of
NKCOF-2 exhibited an intense peak at 2.32° along with peaks at
3.98°, 4.80°, 6.26°, 14.86° and 27.22° which were assigned to the
100, 110, 200, 210, 220 and 001 reflections (Figure 3b). NKCOF-
3 showed a very intense peak at 3.37° and five peaks at 5.95°,
6.83°, 9.15°, 12.41° and 25.43° corresponding to the 100, 110,
200, 210, 220 and 001 reflections, respectively (Figure 3c).
NKCOF-4 showed five peaks at 3.14°, 5.46°, 6.30°, 8.34° and
27.04°, which were assigned to the 100, 110, 200, 210 and 001
reflections (Figure 3d). All experimental PXRD patterns of
NKCOFs reflected good crystallinity and were consistent with the
simulated patterns acquired from structural simulations according
to an AA eclipsed layer stacking. Scanning electron microscopy
(SEM) images revealed that NKCOF-1 exhibited a distinctive
morphology like nanowires about 200 nm in diameter (Figure 4a).
The morphology of NKCOF-2, -3 and -4 presented as micrometer-
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sized spheres comprised of nanometer-sized crystalline grains
(Figure 4b and S13). The high-resolution transmission electron
microscopy (HR-TEM) of NKCOFs showed distinct lattice fringes
(Figure 4c-4f and S14), indicative of the high crystallinity and 2-
dimensional layer structures of NKCOFs.

——Experimental
——Rfined

—— Simulated AA stacking mods
—x—Differance

T
&

a E Experimental b
) @ ——Refined )
—— Simulated AA stacking made

Fos @? 'L —— Difference

e '““@.‘:‘ >
;7

- Rwp=5.39%, Rp=3.80%

Rwp=4.56%, Rp=2.80%

Rwp=4.99%, Rp=2.91%

. I
Rup=3.15%, Rp=2.30%
I HECRE,

5 10 15 20 25 3 35 40 & 10 15 20
20/ 200
Figure 3. a) PXRD patterns of NKCOF-1, and its structure. b) PXRD patterns
of NKCOF-2, and its structure. c) PXRD patterns of NKCOF-3, and its structure.

d) PXRD patterns of NKCOF-4, and its structure.

2 0 36 40

Figure 4. a) SEM image of NKCOF-1. b) SEM image of NKCOF-2. ¢c) HR-TEM
image of NKCOF-1. d) Partial enlarged detail of c). e) HR-TEM image of
NKCOF-2. f) Partial enlarged detail of e).

The permanent porosity of as-synthesized NKCOFs were
assessed by N, adsorption isotherms collected at 77 K. As shown
in Figure 5a, all NKCOFs showed rapid N, uptake at a
comparatively low pressure range (P/Po < 0.05). NKCOF-1

This article is protected by copyright. All rights reserved.
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exhibited the type-I isotherm, indicative of its microporous nature.
The sharp increase of adsorption for NKCOF-1 under high
pressure indicated the existence of macroporosity, likely
generated by particle packing.*® All other NKCOFs exhibited the
typical type-IV isotherms, indicative of their mesoporous
structures. The Langmuir specific surface areas were calculated
to be 1011 m?g, 1510 m?g, 1139 m?g and 2612 m?g for
NKCOF-1, -2, -3, -4, respectively (Figure S15-S18). Pore size
distribution calculated using density functional theory (DFT)
revealed that NKCOF-1, -2, -3, -4 possessed pore widths of 1.8,
3.3, 2.4, and 2.8 nm, respectively, which are in good agreement
with the pore size established from the structural analysis and
simulations (Figure 5b). The high surface areas and highly
ordered nanopores make NKCOFs excellent platforms for loading
and transferring substances.
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Figure 5. a) N2 adsorption (solid symbols) and desorption (open symbols)
isotherms of NKCOFs at 77 K. b) Pore size distribution of NKCOFs. c) PXRD
patterns of pristine NKCOF-3 (red) and after treatment for 2 days in boiling water
(orange), 12 M HCI (violet), 12 M H3PO4 (cyan), and 12 M NaOH (purple). d) N2
adsorption (solid symbols) and desorption (open symbols) isotherms of
NKCOF-3 (red) and after treatment for 2 days in boiling water (orange), 12 M
HCI (violet), 12 M HsPO4 (cyan), and 12 M NaOH (purple).

Thermogravimetric analysis (TGA) was performed to determine
thermal stability and confirm the absence of guest molecules
inside the pores. The TGA curves of activated NKCOFs revealed
that these COFs are thermal stability up to around 260 °C (Figure
S19). The chemical stability of NKCOFs were examined by
exposing NKCOFs to various harsh conditions. It was found that
NKCOFs demonstrated excellent stability in acid, base, boiling
water and various organic solvents. Notably, NKCOF-1, -3 and -
4 were stable in concentrated HCI (12 M), concentrated HzPO,4
(12 M) and concentrated NaOH (12 M) as verified by PXRD and
N sorption data (Figure 5c, 5d and S20-S23). The high structure
robustness and chemical stability of NKCOFs provide a powerful
guarantee for their practical application.

NKCOFs possess a high density of azo and phenolic hydroxyl
groups. These functional groups make NKCOFs intrinsic proton
conductive materials. Electrochemical impedance spectroscopy
(EIS) was applied to measure the proton conductivities of
NKCOFs in both hydrous and anhydrous conditions. NKCOFs
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were pressed into thin pellets which exhibited good mechanical
stability without breaking or fragmentation during testing. In
anhydrous condition, the Nyquist plots of NKCOFs at 293 K and
353 K showed relatively low proton conductivity (Figure S24).
However, once in hydrous condition, a dramatic increase of
proton conductivity was observed. The proton conductivity was
measured as 7.08x10° S/cm, 3.09x10° S/cm, 1.20x10* S/cm,
and 5.43x10° S/cm for NKCOF-1, -2, -3, -4, respectively, at 353
K under 98% RH (Figure 6a, S25 and Table S1). This water
promotion phenomenon is consistent with literature which states
that water molecules play a crucial role in the proton conduction
process.*245:4950 Mareover, phenolic hydroxyl groups in NKCOFs
are able to provide protons in the proton conduction process. In
order to verify the contribution of the phenolic hydroxyl groups to
proton conductivity, TpPa-1,> an analogue of NKCOF-1, was
selected as comparison (Figure S26). TpPa-1 was synthesized
via a reported Schiff base reaction between TP and p-
phenylenediamine (PA) using solvothermal synthesis. Due to the
keto-enol tautomerism, phenolic hydroxyl groups mostly exist as
the keto form in TpPa-1. As such, TpPa-1 possesses fewer
phenolic hydroxyl groups than NKCOFs. As a result, the proton
conductivity of TpPa-1 (9.10x10° S/cm) was much lower than
NKCOFs at 353 K under 98% RH (Figure S27 and Table S1) and
as much as two orders of magnitude lower than the analogous
NKCOF-1. These results highlight the increased proton
conduction of NKCOFs due to intrinsic conductivity.
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Figure 6. a) Nyquist plots of NKCOF-1 measured under 98 % RH at different
temperatures. b) Nyquist plots of H3PO4@NKCOF-1 measured under 98 % RH
at different temperatures. c) Arrhenius plots for NKCOF-1 (blue) and
H3PO4s@NKCOF-1 (red). d) Proton conductivity of HsPOs@NKCOF-1 measured
at 313K under different relative humidity.

As reported in literature, azo groups exhibit a binding affinity to
proton carriers such as H3P0,.*?>4” Thus, in order to further
improve the proton conductivity of NKCOFs, a feasible approach
is to incorporate HzPO, as proton carriers due to its high proton
content, low volatility (>158 °C), high mobility and conductivity.>?
After simply immersing NKCOFs into 5 M H3sPO4 for 12 h and then
washing thoroughly with water until the eluent reaches pH =7, the
final loading of phosphoric acid calculated via TGA were 8.1 wt %,
2.0 wt %, 4.7 wt %, and 4.0 wt % for Hs3PO4@NKCOF-1, -2, -3, -
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4, respectively (Figure S28-S31). Energy Dispersive X-Ray (EDX)
spectroscopy mapping experiment further confirmed the
existence of H3PO,4 in COFs as indicated by the existence of well-
dispersed P element (Figure S32-S35). PXRD data revealed that
NKCOFs loaded with H3PO, (HsPOs@NKCOFs) retained their
crystallinity (Figure S36) attributed to the high acid resistance of
NKCOFs. N, sorption data revealed that H3;POs@NKCOFs
showed reduced surface areas, due to the successful
incorporation of HsPO,4 into NKCOFs’ pores (Figure S37-S40).
Additionally, SEM images showed that HsPO,@NKCOFs retained
the particle morphology as the pristine NKCOFs (Figure S41).

EIS results revealed that the proton conductivity of
HsPO,@NKCOFs were negligible under anhydrous conditions
(Figure S42). However, values up to 4.69x102 S/cm, 1.12x107?
S/cm, 2.06x10* S/cm, and 5.47x102 S/cm were measured for
H3PO4s@NKCOF-1, -2, -3, -4, respectively, at 293 K under 98 %
RH. When increasing the testing temperature, we found that the
proton conductivity of HsPO,@NKCOFs increased (Figure 6b,
S43-S45 and Table S2) up to 1.13x10! S/cm, 4.28x102 S /cm,
1.12x102 S/cm, and 7.71x102 S/cm at 353 K under 98% RH.
Notably, HsPOs@NKCOF-1 sets up a new record (1.13x10*
S/cm) for all reported COF materials, which exceeds the current
record (7.8x10?2 S/cm for PTSA@TpAzo at 353 K under 95%
RH)* and even comparable to the commercial Nafion (~1x10!
S/cm at 353 K under 98% RH)'25% (Table S3). In addition, when
keeping H3PO4@NKCOF-1 under continuous assessment for two
days at 323 K under 98% RH, proton conductivity showed no
reduction, implying no leakage of HsPO,4 and high stability. Pellet
stability was further demonstrated by soaking in water for 24 h
which showed no evidence of the powder dispersing (Figure S46).
Furthermore, TGA data revealed that the loading of phosphoric
acid was maintained before and after EIS measurements (Figure
S47), further indicating the strong binding of phosphoric acid in
NKCOFs. The stability of all COF materials after EIS
measurements was verified by the PXRD and N; sorption data,
indicative of their intact structures (Figure S48-S51).

In order to investigate the proton conduction mechanism,
NKCOF-1 and HzPOs@NKCOF-1 were examined further. There
are two main mechanisms known for proton transport: the
Grotthuss and the vehicular mechanisms, which can be identified
primarily by activation energy (vehicular mechanisms >0.4 eV;
Grotthuss mechanisms <0.4 eV).?25° As shown in Figure 5c, the
activation energy (Ea) of NKCOF-1 and HsPOs@NKCOF-1
calculated by Arrhenius plots were 0.24 eV and 0.14 eV,
respectively  (Figure 6c¢). Thus, both NKCOF-1 and
H3PO4s@NKCOF-1 undergo the Grotthuss mechanism with
protons “Hopping” along the hydrogen bond network. The
activation energy for H3POs@NKCOF-2, -3 and -4 were
calculated to be 0.24 eV, 0.40 eV and 0.08 eV, respectively,
corresponding to Grotthuss transport mechanism. The activation
energies of Hs3PO4@NKCOF-1 and -4 are notable for being lower
than that of Nafion (0.22 eV).%* In addition, we found that upon
increasing the relative humidity, the proton conductivity of
H3PO4@NKCOF-1 increased (Figure 6d and S52-S53), indicative
of the crucial role of water in the conductive process. To explore
the in-depth reason, hydrophobic angle measurements (Figure
S54) and water vapor adsorption (Figure S55) were tested and
revealed high hydrophilicity for both NKCOFs and
HsPO4@NKCOFs. Thus, water molecule could form infinite
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networks of hydrogen bonds with functional groups and additives
(e.g. azo, phenolic hydroxyl and H3PO,) in HsPO,@NKCOFs to
provide a highway for proton hopping transfer.
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Figure 7. a) Scheme of the PEM fuel cells using H:POs@NKCOFs as solid
electrolyte membranes of MEA. b) Lifetime for OCV of H3PO4s@NKCOF-1. c)
Fuel cell polarization curves (navy) and power density curves (red) of
H3sPO4@NKCOF-1 measured at 60 °C using single H2/O2 cell assembly under
100% RH. d) Cyclic stability of OCV (navy) and power density (red) of
H3PO4@NKCOF-1.

Encouraged by the high proton conductivity of
HsPO,s@NKCOFs, we further investigated their performances as
solid electrolyte membranes for PEM fuel cell under H,/O;
operating conditions. Thin pellets were made of HsPO,@NKCOFs
for use as the electrolyte membranes. Carbon papers coated with
60 wt % Pt/C catalyst were used as the anode and the cathode
electrodes, and the Pt loading was kept as 0.5 mg/cm on each
electrode. All of above were assembled into membrane electrode
assemblies (MEASs) (Figure S56). Operating temperature was set
at 60 °C and the flow rate of humid H, and O, were both 50
mL/min. The afforded MEAs exhibited open circuit voltages
(OCvVs) of 0.978 V, 0.953 V, 0.928 V, and 0.906 V for
H3PO4s@NKCOF-1, -2, -3, -4, respectively. The high OCV of
MEAs indicated high proton conductivity of HsPO,@NKCOFs and
good mechanical properties of the pellets without H, crossover.
Moreover, the OCV maintained stability during the testing period
(>4 hours) (Figure 7b and S57). As shown in Figure 7c
(polarization curves), HsPO4s@NKCOF-1 membrane achieved a
maximum power density of 81 mW/cm?, much higher than other
reported crystalline porous organic framework materials, and a
maximum current density of 456 mA/cm?. HsPOs@NKCOF-2, -3,
and -4 possessed maximum power density of 45 mW/cm?, 24
mW/cm?, and 56 mW/cm?, respectively, and had maximum
current density of 231 mA/cm?, 133 mA/cm?, and 269 mA/cm?
(Figure S58, table S4). The maximum power density and the
maximum current density were seen to positively correlate with
materials’ proton conductivity. The cycle stability of the MEAs with
H;PO,s@NKCOFs membranes were examined, displaying that
the OCV and the maximum power density remained stable for
three cycles (Figure 7d). While powder-compressed pellets were
successful in forming a PEM membrane that prevented fuel
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crossover, industrial applications would benefit from a self-
standing membrane that may be continuously produced.
Therefore, we fabricated large-sized, self-standing, flexible COF
membranes (NKCOF-1-M, -2-M, -3-M, -4-M) (Figure S59-S60)
via a method reported by the Banerjee’s group.*® H;PO, was
loaded into the NKCOF-Ms via a similar process as with NKCOFs.
The afforded H;PO,@NKCOF-Ms showed high proton
conductivity, of which HsPOs@NKCOF-1-M was the highest at
6.41x102 S/cm (Figure S61 and Table S5). After assembling
H3PO4@NKCOF-1-M into an MEA, a maximum power density of
70 mW/cm? (Figure S62) was achieved, slightly lower than that of
H3PO4@NKCOF-1 (thin pellet).

Conclusion

In conclusion, we created a stepwise synthesis strategy to
prepare COFs with multiple bond linkages resulting in the
synthesis of a series of highly robust COFs (NKCOFs) with
abundant proton accepting and donating groups. NKCOFs not
only possessed high crystallinity and surface areas, but also
displayed outstanding stability in various harsh conditions such as
treating with organic solvents, boiling water, strong acid or base
(e.g. 12 M HCI or NaOH). These structural features and
outstanding stability endow NKCOFs with high potential for proton
conduction application. Indeed, NKCOFs loaded with H3PO,4
(HsPO,@NKCOFs) set a new proton conductivity record
(1.13x 10t S/cm at 80°C under 98% RH) among all reported
COFs. Finally, we successfully fabricated membrane electrode
assemblies and applied them in real PEM fuel cells. Notably,
H3PO4s@NKCOF-1 set a new benchmark for all COF materials, a
maximum power density of 81 mW/cm? and a maximum current
density of 456 mA/cm?2. This work provides important guidance on
designing multifunctional COFs, and the synthesis strategy
reported in this study is of broad scope, likely applicable to other
COF systems. Moreover, this study not only creates new records
for superprotonic conductivity, but also achieves presently the
best performance of PEM fuel cells for COFs.
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Herein, we created a stepwise
synthesis strategy to prepare a series
of highly robust COFs with ultrahigh
proton conduction. These COFs
obtained a record-high proton
conductivity (1.13 x 10 S/cm) after
doping with H3PO,, and were
assembled MEAs to output a
maximum power of 81 mW/cm.
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