
FUEL CELLS

Covalent organic framework–based porous ionomers
for high-performance fuel cells
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Lowering platinum (Pt) loadings without sacrificing power density and durability in fuel cells is highly
desired yet challenging because of the high mass transport resistance near the catalyst surfaces. We
tailored the three-phase microenvironment by optimizing the ionomer by incorporating ionic covalent
organic framework (COF) nanosheets into Nafion. The mesoporous apertures of 2.8 to 4.1 nanometers
and appendant sulfonate groups enabled the proton transfer and promoted oxygen permeation. The
mass activity of Pt and the peak power density of the fuel cell with Pt/Vulcan (0.07 mg of Pt per square
centimeter in the cathode) both reached 1.6 times those values without the COF. This strategy was
applied to catalyst layers with various Pt loadings and different commercial catalysts.

T
he oxygen reduction reaction (ORR) at the
cathode in commercial proton-exchange
membrane fuel cells (PEMFCs) is cata-
lyzed by preciousmetals, which are usually
platinum (Pt)–based materials. Reduc-

ing the Pt loading of PEMFCs while maintain-
ing high power density and durability is still
challenging (1–3). Although new catalysts have
been prepared through alloying and nanostruc-
turing strategies (4), their performance is
often evaluated by the rotating disk electrode
(RDE) technique and is hard to translate into
a membrane electrode. In a catalyst layer (CL)
of the membrane electrode assembly (MEA),
the ORR happens at oxygen-water-catalyst

three-phase interfaces. To react, oxygen must
pass across a few-nanometer-sized ionomer com-
ponent and encounters substantial mass trans-
port resistance. Thus, optimizing the three-phase
microenvironment becomes crucial tomaximize
the activity of the catalyst in PEMFCs.
Ionomers, which are the proton-conducting

link between the proton-exchange membrane
and Pt catalyst sites for the proton current flow,
dominate the three-phase microenvironment
in PEMFCs. Currently, perfluorosulfonic acid
polymer (PFSA, or Nafion) is the most widely
used ionomer (5, 6). However, PFSA is inevi-
tably tightly coatedon the catalyst,which causes
high gas diffusion resistance (7). The diffusion

resistance from the ionomer and water ac-
counts for 80% of total gas resistance, and the
remaindermainly originates from secondary
pores, which refer to the pores >20 nm that
exist between aggregates of agglomerates (7).
Moreover, the –SO3H groups in Nafion can
strongly adsorb and occupy active sites on the
Pt surface, which can decrease the Pt activity
and thus reduce corresponding mass activity
(MA) and power density (8, 9).
Several approaches have been used to solve

these problems. Efforts have been devoted to
optimizing the ionomers or carbon supports.
Embedding Pt in the channel of the carbon
support could avoid direct interaction between
Pt and the ionomer (9, 10). The carbon supports
can be tuned to adjust the ionomer coverage on
their surface (11). Altering the side chain of the
ionomers (12–15) can reduce the −SO3H in-
hibition effect. The incorporation of additives
such as hydrophobic polytetrafluoroethylene
(16, 17) or pore-forming materials (18–20) can
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Fig. 1. Overview of Pt/C@COF-Nafion. Schematic illustration of the gas and proton transfer in Pt/C@COF-Nafion. Structure models of SLZ-COF, SDT-COF, SBT-COF,
and SBB-COF with aperture sizes of 1.2, 2.8, 3.6, and 4.1 nm, respectively, are shown. Red, O; blue, N; gray, C; and yellow, S. Hydrogen is omitted for clarity.
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improve mass transfer. Nevertheless, it re-
mains a substantial challenge to optimize gas
diffusion without sacrificing proton conduc-
tivity in the CL to achieve highly efficient fuel
cells with low Pt loading. Covalent organic
frameworks (COFs), which are an emerging
class of crystalline porous polymers that are
constructed by topological linking organic
building units, show notable potential inmass
transfer given their atomically pre-designable
structure, high surface area, and ease of pre-
cise modification (21–23). They have been pro-
posed as proton-exchange membranes in the
forms of pressed pellets or assembled mem-
branes (24, 25) for the PEMFCs. However, their
mechanical performances, as well as the H2

crossover risk from anode to cathode in the
fuel cell, present obstacles for their practical
application.
Here, we fabricated high-performance fuel

cells with commercial Pt/C (Pt/Vulcan) by incor-
porating a sulfonic acid functionalized DhaTab-
COF (SDT-COF) into Nafion as a composite
ionomer (the corresponding CL is denoted as
Pt/C@SDT-Nafion) (Fig. 1). The SDT-COF has
inherent hexagonal nanopores partitioned by
molecular building units, which impart the
CL with improved gas transport capability. The
–SO3H group linking to the pore walls ensures

the rapid proton conduction within the chan-
nels, whereas Nafion helps reduce interface
impedance between the COF nanosheets. The
rigidity and high porosity of SDT-COF also
help weaken adsorption of the –SO3H group
on Pt. The particular properties of this COF
were demonstrated by performing control ex-
periments with other COFswith different pore
sizes (Fig. 1) as well as other rigid sulfonated
materials. The addition of COFs with mesopo-
rous apertures in the CL promoted ORR at the
three-phase interface and improved Pt use to
realize high power density for PEMFCs with
low Pt loading.

Synthesis and characterizations of SDT-COF

We synthesized DhaTab-COF from its mono-
mers, 2,5-dihydroxyterephthalaldehyde (Dha)
and 1,3,5-tris(4-aminophenyl)benzene (Tab),
which are linked by imine bonds. This crystal-
line COF has periodic and unidirectional colum-
nar arrays of 3.4-nm hexagonal channels.
Further reduction of its imine linkages to
secondary amine linkages afforded reduced
DhaTab-COF (RDT-COF) (figs. S1 to S3) to en-
sure its acid stability for fuel cell application
(26–28). We then obtained SDT-COF by graft-
ing propanesulfonic acid sodium salt to the
pore walls of RDT-COF, followed by acidification.

Their chemical compositions and structures were
confirmed with the elemental analyses (supple-
mentary materials), Fourier-transform infra-
red (FTIR) spectra (fig. S4 and table S1), the
13C cross-polarization magic-angle spinning
(CP-MAS) solid-state nuclear magnetic resonance
(ssNMR) spectra (Fig. 2A), x-ray photoelectron
spectroscopy (XPS) (figs. S5 and S6), powder
x-ray diffractions (PXRDs) (Fig. 2B), and N2

sorption isotherms (fig. S7).
Compared with DhaTab-COF, the crystallin-

ity and the Brunauer-Emmett-Teller (BET) sur-
face area of RDT-COF were greatly reduced,
which we attributed to the conformational flex-
ibility of the secondary amine linkages (fig. S2)
(29). The retention of the extended framework
linked by covalent bonding of RDT-COF was
further confirmed by successfully converting
it to crystalline and porous cyclic carbamate–
linked COF (CRDT-COF) (Fig. 2B and figs. S8
to S10) (29). In the high-resolution transmis-
sion electron microscopy (HR-TEM) images,
ordered mesopores and disordered pores can
be observed in the DhaTab-COF and SDT-COF,
respectively (Fig. 2, D and E). The RDT-COF
and SDT-COF both showed CO2 uptake ability
(273 K) (Fig. 2C), whereas the physical mixture
of the monomers did not show apparent ad-
sorption. These results demonstrated that the
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Fig. 2. Structural characterizations of SDT-COF. (A) 13C ssNMR spectra of SDT-COF, RDT-COF, and DhaTab-COF. (B) Experimental PXRD patterns of SDT-COF,
CRDT-COF, RDT-COF, and DhaTab-COF and the simulated PXRD pattern of DhaTab-COF (AA stacking). (C) CO2 sorption isotherm profiles of DhaTab-COF, RDT-COF,
SDT-COF, and the mixture of monomers. (D and E) HR-TEM images of (D) DhaTab-COF and (E) SDT-COF.
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polymeric layers of RDT-COF and SDT-COF
can still create nanosized apertures that allow
gas permeation. The grafting fraction of sul-
fonic acid groups based on the elemental
analysis was 60%. Thermogravimetric analysis
(TGA) showed that the decomposition temper-
ature of SDT-COF was 200°C (fig. S11).
After grafting, the SDT-COF could be dis-

persed in water and exhibited a Tyndall effect
(fig. S12). The atomic force microscope also
showed that SDT-COF adopted a nanosheet
morphology with an average thickness of
~0.8 nm (fig. S13). The ion exchange capacity
(IEC) of SDT-COF is 1.85 mequiv g−1 as cal-
culated by means of elemental analysis and
1.70 mequiv g−1 as calculated by titrating with
NaOH solution to a phenolphthalein end point,
which is greater than that of the commercial
Nafion DE2020 ionomer (1.03 to 1.12 mequiv
g−1). The temperature dependence of the pro-
ton conductivity was measured at 100% rela-
tive humidity (RH) (figs. S14 to S16), and the
conductivity of the pressed SDT-COF tablet
was 95.3 mS cm−1. The proton transport prop-
erty of Nafion DE2020 and SDT-COF/Nafion
(ratio 1:1) thin films was also investigated by
using gold interdigitated electrodes, and the
result showed that the proton conductivities
were increased slightly after adding SDT-COF
(fig S17).

Fuel cell performance and durability
For PEMFC measurements, the ratio of total
ionomer to carbon (I/C) was set at 0.8 (30). We
then optimized the component proportions
of SDT-COF and Nafion in the ionomer by
using H2–O2 single-cell tests (5.0 cm

2MEAs).
Among the CLs that have been evaluated (fig.
S18), including pure Pt/C, Pt/C@Nafion, Pt/
C@SDT, and Pt/C@SDT-Nafion (mass ratio of
SDT-COF and Nafion = 1:2, 1:1, or 2:1), Pt/C@
SDT-Nafion (mass ratio = 1:1) had the largest
current density and power density. After opti-
mization, the Pt loadings were fixed at 0.07
and 0.05 mgPt cm

−2 in the cathode and anode
CLs, respectively.
The current-voltage (I-V) polarization and

power density distributions of Pt/C@Nafion
and Pt/C@SDT-Nafion fuel cells are shown in
Fig. 3A, measured under 150 kPa absolute
pressure (abs) (50 kPa back pressure) fully
humidified O2. The peak power density of Pt/
C@SDT-Nafion fuel cell achieved 2.21 W cm−2,
which was 1.4 times of the controlled MEA
without SDT-COF. Pt/C@SDT-Nafion exhib-
ited an MA of 0.35 A mgPt

−1 in the H2-O2 test
versus 0.21 A mgPt

−1 for Pt/C@Nafion (Fig.
3C). The electrochemical active surface area
(31) of Pt/C@SDT-Nafion (67.4 m2 gPt

−1) was
also higher than that of the Pt/C@Nafion
(41.4 m2 gPt

−1) (fig. S19 and table S2). A similar

trend was observed under the H2-air condi-
tion. Under the 150 kPa abs fully humidified air
condition, the PEMFC with Pt/C@SDT-Nafion
reached a peak power density of 1.08 W cm−2,
which was 1.6 times of the Nafion-based MEA.
At 0.7 V, the power density was 2.4 times
greater than the value without SDT-COF (Fig.
3B). The peak power density and limiting
current densities reported here exceed those
reported for other low Pt-loading cathodes
(≤0.1 mgPt cm

−2) obtained with commercial
Pt/C (Fig. 3F and table S3). These results
showed that the SDT-COF in the CL enabled
the exposure of more active sites of Pt.
The accelerated stress tests (ASTs) were con-

ducted according to the US Department of
Energy (DOE) catalyst stability evaluation
protocols (figs. S20 to S22). After 30,000
cycles, theMA decreased by 38%, whichmeets
the requirement of the DOE 2025 technical
target of 40% (Fig. 3E) (32). The open circuit
voltage (OCV) was maintained at 90°C for
65 hours, which also shows the electrochem-
ical stability of SDT-COF (Fig. 3D). Because
peroxide by-product is the main source of the
attack on the CL (3), the chemical stability of
SDT-COF was further proved by soaking it in
1% hydrogen peroxide for 5 hours; no degra-
dation was observed, as evidenced by the IR
spectra (fig. S23).
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Fig. 3. Fuel cell performance and durability. (A) H2-O2 and (B) H2-air fuel cell I-V
polarization (without iR compensation; i, current; R, resistance) and power density
plots of the cells with Pt/C@Nafion and Pt/C@SDT-Nafion measured at 80°C and
100% RH under 150 kPa abs. (C) Comparison of the MAs and peak power densities of
MEAs evaluated under H2-air conditions. (D) OCV test of the MEA with Pt/C@SDT-
Nafion at 90°C lasted 65 hours. (E) Attenuation of the MA of Pt/C@SDT-Nafion in the

AST with 30,000 cycles. (F) Comparing the cathode Pt loading and peak power
density for MEAs based on commercial Pt/C catalyst in this study and previous
reports (table S3). Smaller red stars indicate Pt/C@Nafion data; larger red stars are
the Pt/C@SDT-Nafion data. BPS, sulfonated poly(arylene ether sulfone); HOPI, high
oxygen permeability ionomer; ND, nanodispersion PFSA; PTFE, polytetrafluoroethylene;
SPILBCP, sulfonated poly(ionic liquid) block copolymer; SSC, short-side-chain PFSA.
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In addition, to meet different MEA require-
ments for various practical fuel cell stacks,
we tested the MEA performance with cath-
ode to anode loadings of 0.1/0.1 mgPt cm

−2,
0.2/0.2 mgPt cm

−2, and 0.3/0.3 mgPt cm
−2, re-

spectively (figs. S24 to S28). The power den-
sities were all improved after the addition of
SDT-COF, irrespective of the Pt loadings (Fig.
3F). To further demonstrate the applicability
of this strategy, we evaluated the PEMFC per-
formance by using commercial PtCo/C and Pt/
Ketjenblack (Pt/KB) catalysts with the addi-
tion of SDT-COF/Nafion composite ionomer
(Fig. 3C and figs. S29 to S31). The parameter
improvements of the PEMFC performance by
using our porous ionomer design strategy are
summarized in table S2. The MA of PtCo/C
and Pt/KB catalysts in MEA with SDT-COF
reached 0.50 A mgPt

−1 and 0.65 A mgPt
−1, re-

spectively, which surpassed the DOE 2025
technical target (0.44 A mgPt

−1).

Mechanism discussions

The ORR performance in the CL depends on
the O2 transfer resistance, proton accessibility,
and RH. The mass transfer resistance of O2 in
the H2-air cell is calculated based on the lim-
iting current density (fig. S32). (17, 33). The
apparent value obtained is the total mass
transport resistance (Rtot), which includes
pressure-dependent resistance (RP) and pressure-
independent resistance (RNP). Flow field chan-
nels and the gas diffusion layer govern the RP,
whereas the Knudsen mass transport and the
resistance derived from the Pt-ionomer-water
interface dominate the mass transport resist-
ance of RNP (10). The slope and intercept in
Fig. 4A indicate the O2 diffusion resistancesRP

and RNP, respectively. The RNP were 45.8 and
27.5 s m−1 for the Pt/C@Nafion and Pt/C@
SDT-Nafion, respectively, which reflects the
positive effect of SDT-COF on gas diffusion.
Electrochemical impedance spectroscopy

(EIS) can also be used assess the individual
contributions of the transport and kinetic pro-
cesses to the PEMFCs (figs. S33 and S34). The
EIS data were fitted to a modified Randles cell

equivalent circuit model (table S4) to monitor
the ohmic resistance (Rohm), polarization re-
sistances (Zct, Zox, Zmass), and capacitances (C1,
CPE1, and CPE2) (34). The total mass transfer
resistance of O2 was reduced after adding SDT-
COF for both the H2–O2 cell (from 0.027 to
0.0068 ohms) and the H2-air cell (from 0.055
to 0.032 ohms).
To further investigate the relation between

COF structure and CL performance, we prep-
ared COFs with the same topology but differ-
ent aperture sizes, which included sulfonated
LZU-1 (SLZ-COF), sulfonated DbdTab-COF
(SBT-COF), and sulfonated DbdBtt-COF (SBB-
COF) with aperture sizes of 1.2, 3.6, and 4.1 nm,
respectively (Fig. 1 and figs. S35 to S44). Fur-
thermore, sulfonated graphene (SG) (nonporous),
sulfonated activated carbon (SAC) (pore size:
0.9 nm), and sulfonated polystyrene spheres
(SPSs) (nonporous) were also used as the con-
trols. SPSs and SG both increased the hetero-
geneity of the interface yet did not improve
MEA performance (Fig. 4B and figs. S45 to
S48). Even for the sulfonated porous structure
with micropores such as SAC and SLZ-COF,
only slight performance improvements were
observed.
By contrast, SDT-COF, SBT-COF, and SBB-

COFwith aperture sizes of 2.8, 3.6, and 4.1 nm,
respectively, could boost the power density of
the fuel cells (Fig. 4B and figs. S49 to S52),
which indicates that the intrinsic mesopores
of the frameworks were critical for promoting
oxygen permeation. We also measured O2 gas
transport with additive-Nafion mixed mem-
branes, in which the ratio of additive/Nafion
was set as 2:8 to ensure the compactness and
integrity of the resultant membrane. Oxygen
permeability was directly related to the pore
structure of these additives (figs. S53 to S56
and table S5). In addition, we tested the O2

permeability of Nafion membrane and SDT-
COF–Nafion membrane under 100% RH. The
O2 permeability of SDT-COF/Nafion (2:8) under
the humid condition had a permeability of
36 Barrer, whereas that of Nafion decreased
to 0 Barrer.

To further exclude the influence of secon-
dary large pores (fig. S57) on the cell perform-
ance, wemeasured gas sorption isotherms and
deduced the corresponding pore size distribu-
tions of the Pt/C@additive-Nafion (fig. S58).
The results showed that only the addition of
COF led to the exposure of the mesopores in
the Pt/C, revealing that the gas molecules
could reach the catalyst through the apertures
in the COF framework. The interface hetero-
geneity induced by other rigid-structured nano-
materials (SG and SPSs) could not improve gas
permeation to the catalyst surface, whereas
Nafion blocked themesopores of Pt/C. These
results showed that only the COF-Nafionmem-
brane allowed relatively rapid gas permeation,
whereas the Nafion membranes with non-
porous additives did not boost the permeation
of gas molecules. As for PEMFCs, both proton
conductivity and O2 gas transport ability to-
gether affect cell performance. Because the
proton conductivity did notmarkedly increase
after adding SDT-COF, the O2 gas transport
ability dominated the performance.
The dry proton accessibility to the Pt sites

increased from 0.61 to 0.76 after adding SDT-
COF (fig. S59) (9). We then performed 24-hour
continuous H2-air fuel cell tests under 0.7 V
constant voltage without scheduled refreshing
(Fig. 4C and fig. S60). The currents dropped
41 and 87% for Pt/C@SDT-Nafion and Pt/C@
Nafion, respectively, which indicates that the
porous ionomer improved resistance to flood-
ing.Wemeasured the static anddynamicwater
vapor sorptions (figs. S61 to S63). Compared
with Nafion, the water desorption of SDT-COF
exhibited obvious hysteresis phenomena. We
also conducted the fuel cell measurements
under 30%RH and 60%RH conditions. Along
with reducing RH, the decreasing degree of
the cell performance was reduced after adding
SDT-COF (fig. S64). Thus, SDT-COF facilitated
the mass transfer with or without accumu-
lated water.
The RDE measurement could reveal the in-

hibitory effect of ionomer on a Pt surface and
the mass transfer resistance between the Pt
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Fig. 4. Mass transport. (A) Rtot of Pt/C@Nafion and Pt/C@SDT-Nafion plotted versus the absolute pressure. (B) Comparison of the power density of MEAs with
different ionomers in CLs under H2-air condition. (C) Twenty-four–hour continuous working tests for Pt/C@SDT-Nafion and Pt/C@Nafion without water management.
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particles and ionomer. As shown in the linear
sweep voltammetry (LSV) curves (Fig. 5A), the
halfwave potential increased in the order of
Pt/C@Nafion < Pt/C ≤ Pt/C@SDT < Pt/C@
SDT-Nafion. This result suggested that SDT-
COF could weaken the Nafion inhibition. The
XPS analysis showed that –SO3H groups did
not change the valence state of Pt but could
strongly adsorb onto Pt and occupy the active
sites (figs. S65 and S66). In the Raman spec-
trum of Pt/C@Nafion, the peak at 1128 cm−1

was caused by the adsorption of sulfonic acid
groups on the surface of Pt atoms [d(Pt-SO3)]
(9, 35). In comparison, the peak assigned to
d(Pt-SO3) was greatly weakened for Pt/C@
SDT-Nafion (Fig. 5B and figs. S67 and S68).
The rigid framework structure of SDT-COF
helped decrease the interaction of flexible sul-
fonic acid groups to Pt, whichwas beneficial to

improving the MA of the catalysts. The peaks
at 1132 and 1188 cm−1 represented the stretch-
ing vibration of the sulfonic acid group, and
both peaks had a slight red shift when SDT-
COFwasmixed with Nafion. The Raman spec-
tra of physically mixed pure Pt nanoparticles
with SDT-COF (fig. S69) also showed that the
sulfonic acid groups located in the pores of the
rigid COF framework could avoid direct con-
tact with the Pt particles.
We performed TEM, energy dispersive x-ray

spectroscopy (EDS) mapping (figs. S70 to S73),
and three-dimensional TEM(movies S1 and S2)
and found uniform wrapping of SDT-COF and
Nafion on the surface of the Pt/C catalyst.
Molecular dynamics simulations were further
performed. The structures of Pt/C@Nafion and
Pt/C@SDT-Nafion were built in a simplified
model (Fig. 5, C and D; fig. S74; and table S6).

We calculated the radial density distributions
for –SO3H coordinating to Pt [rPt–S(r)] (Fig.
5E), and we compared the intensity of the
first peak. The atom density profile of Pt–S de-
creased 0.6-fold after adding SDT-COF, which
we attribute to the steric hindrance of SDT-
COF. The height of the first peak of rPt–O(r)
increased 2.7-fold after the addition of SDT-
COF (Fig. 5F), which revealed that more O2

molecules can interact with the Pt catalyst.
The simulation snapshots (figs. S75 and S76)
showed that the ionomer chains took the
chance to penetrate intomesopore apertures
and interacted with the pore skeleton through
hydrogen bond and van der Waals force, yet
there remained apertures for water and oxy-
gen molecules to pass through.

Conclusions

By introducing COFs, the MA, durability, and
rate powder density can surpass and/or ap-
proach the DOE target (table S2) with un-
modified commercial Pt/C, PtCo/C, or Pt/KB
catalysts under lowPt loadings (0.07mgPt cm

−2).
The DOE 2025 target is to reduce the Pt group
metal total content to 0.1 g kW−1 from the
current level of 0.79 g kW−1 (at 0.7 V). After
using SDT-COF, the MEA with those commer-
cial catalysts (0.32 g kW−1 at 0.7 V and 0.16 g
kW−1 at 0.6 V) could approach this require-
ment. Moreover, the cost deduced from the
whole CL is calculated to be $19.5 per kilowatt,
which can further reduce the cost of the con-
ventional CL (~$29 per kilowatt) by one-third.
This strategy, together with the development
of advanced catalysts, leads to efficient clean-
energy storage opportunities. In addition, we
used polystyrene sulfonic acid (PSA) to replace
Nafion in the catalytic layer, and without fur-
ther optimization, the performance ofMEA by
using the PSA-COF ionomer rivals the per-
formance of pure Nafion (fig. S77). For the
ionomer design principles, we introduced
rigid network nanosheets with mesoporous
apertures into the linear ionomer without sac-
rificing the proton conductivity. The thermal
stability and structural designability of ionic
COFs also make them promising in high-
temperature fuel cells and alkaline fuel cells.
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Helping fuel cells breathe
In proton exchange membrane fuel cells, the Nafion ionomer usually overencapsulates and inhibits the platinum
catalyst and can impede gas transport in the catalyst layer. Q. Zhang et al. showed that adding a sulfonated covalent
organic framework (COF) to Nafion could improve the activity based on platinum by up to 60% (see the Perspective by
Ma and Lutkenhaus). The hexagonal pores of the COF improve gas transport, and the sulfonic acid groups anchored
on the pore walls decrease binding to platinum, which inhibits its activity. —PDS
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