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ABSTRACT: Constructing highly proton-conducting metal—organic frameworks
(MOFs) remains a difficult challenge. Hence, we developed an effective nanochannel
engineering strategy by grafting sulfonic-abundant benzene-1,3,5-trisulfonic acid
(BTSA) onto the Zrg-clusters of PCN-222 to act as a proton-conducting intensifier.
Although the introduced BTSA dramatically reduced the pore volume, the resultant
MOF (PCN-222-BTSA) exhibited strong water affinity and thus significantly enhanced
water uptake at low RH values, reaching up to an almost equivalent water adsorption
capacity at a high RH value compared with the capacity of pristine PCN-222. Benefiting
from the enhanced water adsorption behavior and the proton-donating capability of
sulfonic groups, PCN-222-BTSA displayed 2—3 orders of magnitude higher proton
conductivity than pristine PCN-222. Our work is the first to report on postsynthetic
modification in the nanochannel of MOFs for proton conduction, which demonstrates a
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strategy to design functional MOFs with abundant sulfonic groups and provides a bright avenue for constructing proton-conducting

materials.
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B INTRODUCTION

The usage of fossil fuels has caused severe environmental
issues. Fuel cell (FC) technology provides a clean and efficient
opportunity to alleviate the dependence on fossil fuels and
thereby reduce carbon emissions.' > However, electrolyte
materials, which are critical for FCs, suffer from low proton
condllc;civity, reducing the efficiency and increasing the costs of
FCs."™

Most recently, due to their enormous structural diversity and
functional tunability,7_12 metal—organic frameworks (MOFs)
have been drawing much attention as potential solid-state
proton conductors, and various kinds of excellent MOFs have
been successfully developed.'”'* In general, the direct
synthesis of new MOFs with a hydrophilic feature is the
widespread method for designing and constructing proton-
conducting MOFs. One of the most typical methods is the
introduction of uncoordinated acidic groups into MOF
channels.">'® For example, free carboxyl group-functionalized
MIL-53(Fe)-(COOH), exhibits the highest proton conductiv-
ity of 7.0 X 107 S cm™ at 80 °C and 95% RH among the
isostructural MIL-53 series MOFs.'” In this system, the largest
contribution to proton conductivity was found to be in good
agreement with the pK, values of the substituted benzoic acids,
proving that the Bronsted-acid groups can boost the proton
conductivity of MOFs. Correspondingly, UiO-66(COOH),
was also reported to exhibit a high proton conductivity of
2.3 X 107 S ecm™ at 90 °C and 95% RH.'® The carboxyl
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groups in this MOF have a distinct role in enriching the water
adsorption and simultaneously donate the protons, eventually
enhancing the proton conductivity. Similar examples were also
revealed in carboxyl group-functionalized BUT-83 and TJU-
102."”*° In this manner, the MOFs with the free —SO;H
group, which possesses stronger acidity than the carboxyl
group, show much intensely improved proton conductivity,
such as Ui0-66-SO;H and BUT-8(Cr)A.”' > However,
owing to the uncontrollability of the coordination between
metal ions and oxygen atoms of the acidic group, acidic groups
are more easily deprotonated and thereby participate in the
coordination reaction, resulting in serious changes in acidity
and reducing the proton conductivity to much lower than
expected. Up to now, only several MOFs with free —SO;H
groups have been reported,”"”” albeit the —SO;H group is
regarded as one of the best groups for proton conduction.
Therefore, new strategies for constructing MOFs with free acid
groups, especially the —SO;H group, are highly desired.
Postsynthetic modification (PSM), which was first proposed
by Robson in 1990°* and first applied in MOFs by Cohen et
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Figure 1. Schematic diagrams of functional PCN-222-BTSA. (a) Zre-cluster; (b) BTSA molecule; (c) proposed illustration of the substitution in
the nanochannel of PCN-222-BTSA. Substitutable O, pink; other O, red; C, black; Zr, violet; S, yellow. Except for the hydrogen atoms of the
sulfonic groups on BTSA, other hydrogen atoms are omitted for clarity.

al,” extensively enlarges the designability of MOFs at the
molecular level and expands the potentials of practical
application. Although the PSM of MOFs has been widely
adopted in gas adsorption and separation, catalysis, bio-
medicine, and sensing,26_28 it is rare in augmenting proton
conduction in MOFs. Loading guest materials with conductive
properties into MOF channels is the most widely accepted
PSM method. For example, the proton conductivity of MIL-
101 could increase to 107> S cm ™" by introducing concentrated
sulfuric acid or phosphoric acid into the pores.”” Similarly,
imidazoles,” triazoles,”’ and ionic liquids®> can also be
introduced into MOF channels as proton carriers to enhance
proton or ionic conductivity. However, it is reasonable to
deduce that the conductive guest materials may suffer a serious
leakage owing to the lack of stable chemical bonds to
immobilize them. Long-term use might thereby result in a
sharp decrease in the proton conductivity. In addition, some
guest materials such as sulfuric acid and phosphoric acid are
highly corrosive, also affecting the stability of MOFs and even
etching the components of PEMFCs. Despite these afore-
mentioned methods, new PSM approaches to construct
proton-conducting MOFs are still rare.*>™*” Therefore, it is
necessary to develop advanced PSM methods to anchor
functional groups and enhance proton conductivity.

Herein, we propose a rational strategy by introducing a
sulfonic-group-abundant molecule, benzene-1,3,5-trisulfonic
acid (BTSA), onto the Zrg-cluster of PCN-222 to construct
PCN-222-BTSA. XRD, FT-IR, XPS, and SEM were used to
confirm the successful grafting of BTSA into PCN-222.
Although BTSA sharply reduced the inner space of the MOF
as revealed by N, uptake, the water absorption of PCN-222-
BTSA effectively increased than that of PCN-222 at low RH,
and saturated adsorption capacity was comparable to that of
PCN-222 due to the strong water affinity of the introduced
sulfonic groups. As expected, the proton conductivity of PCN-
222-BTSA is 2 orders of magnitude higher than that of PCN-
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222 at all tested RH and temperatures. Especially, PCN-222-
BTSA shows a conductivity of up to 4.0 X 107> S cm™", which
is 136 times higher than that of PCN-222 at 80 °C and 100%
RH. This work provides an effective way to construct more
proton-conducting materials by introducing the functional
groups through postsynthetic modifications.

B EXPERIMENTAL SECTION

All chemicals were purchased from TCI and used without further
purification.

Preparation of BTSA. BTSA was prepared by oxidizing benzene-
1,3,5-trithiol in a H,0, solution. Benzene-1,3,5-trithiol (871.7 mg, S
mmol) was dispersed into the H,0, (30 wt %, 20 mL) solution and
stirred at room temperature for 48 h. The obtained mixture was
slowly heated to 80 °C and kept for 6 h to decompose the residual
H,0,. A gray solid was finally obtained by rotary evaporation.

Preparation of PCN-222 and PCN-222-BTSA. PCN-222 was
prepared by the modified method described in the previous
literature.® ZrOCL,-8H,0 (2 g, 11.2 mmol) and tetrakis(4-
carboxyphenyl)porphyrin (TCPP, 0.4 g, 0.5 mmol) were quickly
added to the mixture of anhydrous DMF (500 mL) and formic acid
(300 mL) in a round bottom flask and then heated to 135 °C and
kept for 80 h. After cooling down to room temperature, a purple
powder was obtained by centrifugation. Then, the obtained powder
was thoroughly washed with N,N-dimethylformamide (DMF) and
acetone and dried at 100 °C for further use.

PCN-222-BTSA was prepared by functionalizing PCN-222 with
BTSA. After being fully dried at vacuum, the activated PCN-222 (0.2
g) was added to 10 mL of 0.5 mol L™' BTSA/DMF solution and
heated at 80 °C for 24 h. A green precipitate was collected by
centrifugation and washed with DMF methanol three times and then
immersed in methanol five times to exchange DMF and residual
BTSA in the pores. Finally, after centrifugation and drying at 80 °C
overnight, the green PCN-222-BTSA was obtained.

Characterizations. Powder X-ray diffraction (PXRD) patterns
were obtained on a Bruker D2 PHASER XRD with powder samples
(Cu Ka radiation, A 0.1541874). N, adsorption—desorption
isotherms were collected at 77 K using a Micromeritics ASAP 2020
device. Water uptakes were measured in a Microtrac BELSORP MAX
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instrument. The sample morphology was recorded using a
GeminiSEM 500 scanning electron microscope (SEM). FT-IR spectra
of all samples were recorded using a Thermo Nicolet 380
spectrometer with pressed KBr pellets under the wavenumber within
the range of 400—4000 cm™'. An X-ray photoelectron spectrometer
(XPS) (Al Ko radiation at 1486.6 eV NEXSA, Thermo Scientific) was
used to analyze electronic properties. 'H NMR spectra were recorded
using a Bruker Fourier 600M spectrometer. A vario EL cube was used
to measure the S content in PCN-222-BTSA.

Proton Conductivity Test. The proton conductivity tests were
operated similarly to our previous work.””*> A powder material was
pressed into a cuboid pellet (1 ecm X 0.4 cm X I, where I is the
thickness of the pellet, cm, used for proton conductivity test at 100%
RH) or cylinder pellet (0.6 cm in diameter, where [ is the thickness of
the pellet, cm, used for proton conductivity test at 33—85% RH) at a
pressure of 1000 kg cm™ for 2 min. Both sides of the pellet were
attached to silver wires with silver paste and sealed in a homemade
glass chamber. The relative humidity was controlled with a saturated
salt solution. The alternating current (a.c.) impedance plots were
recorded at a CHI760E electrochemical workstation with a frequency
range of 1 Hz to 1 MHz at 25—80 °C and a disturbance voltage of 100
mV.

The proton conductivity (6, S cm™) was calculated according to
the following equation (], thickness, cm; R, impedance, Q; S, the area
of the pellet, cm?)

o =1/(RS) (1)
The activation energy (E,) was estimated by the Arrhenius equation
o = expl(—E, /) @)

where kz (J K™') is the Boltzmann constant and T (K) is the
temperature.

B RESULTS AND DISCUSSION

PCN-222 is a highly stable Zr-MOF consisting of Zr, clusters
and tetrakis(4-carboxyphenyl) porphyrin ligands.”® There
exists eight terminal —OH groups coordinated on the Zr,-
cluster (Figure 1a), which can be substituted by oxygen atoms
in some oxygen-containing groups,”” such as sulfuric acid®’
and —PO,H, groups.”’ Meanwhile, the BTSA molecule was
~0.7 nm, obviously much smaller than the diameter of one-
dimensional nanochannels (ca. 3.7 nm) in PCN-222. It is
reasonable to deduce that such large channels of PCN-222
favor the free entry of BTSA, implying the feasibility of this
grafting strategy. Therefore, both the Zr4-cluster with
substitutable OH groups and the larger pores in PCN-222
provide an opportunity to graft the BTSA by substitution
reactions.

To fabricate PCN-222-BTSA, BTSA was successfully
prepared by oxidizing benzene-1,3,5-trithiol in a H,0, solution
(Scheme 1), which can be proved by 'H NMR spectrogram
(Figure S1). After stirring the mixture of BTSA and PCN-222
in DMF at 80 °C, PCN-222-BTSA was finally obtained, and its
PXRD pattern matched well with that of the pristine PCN-222
(Figure S2), implying that this graft strategy did not change the
main structure of PCN-222 due to the high stability of this
MOF. Further, the XPS spectra of S 2s and S 2p signals suggest

Scheme 1. Synthetic Route of the BTSA Molecule

SH SOzH
—_—
HS SH HO,S SO3H
BTSA
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the successful grafting of BTSA into PCN-222 nanochannels
(Figure 2a). Most importantly, Zr 3d XPS spectra clearly
showed an evident shift, strongly proving the coordination
between the Zr atoms of Zrg clusters and the O atoms of the
sulfonate groups (Figure 2b). Moreover, the FT-IR spectra
exhibit the typical characteristic peaks at 1240 and 603 cm™,
which are separately assigned to the S=0 and C—S vibrations
of BTSA, still revealing the grafted BTSA anchored in the
nanochannels (Figure 2c). PCN-222, however, does not
possess these BTSA features in its XPS and FT-IR spectra.
Meanwhile, the SEM images show that the morphology of
PCN-222-BTSA is needlelike, which is in agreement with
pristine PCN-222 (Figure S3), proving that this MOF
maintained its structural integrity during the grafting procedure
due to the high stability of PCN-222. The elemental mapping
also clearly demonstrates that the element sulfur disperses
uniformly in the sample, indicating the well-dispersed sulfonic
groups of BTSA in PCN-222-BTSA (Figure 2d—f). According
to the EA and EDS results, the contents of element sulfur in
PCN-222-BTSA were 12.22 and 11.93 wt %, respectively,
which means there are about five BTSA per Zry4 cluster in
PCN-222-BTSA. In brief, combining the results of the PXRD
patterns, XPS spectra, FT-IR spectra, and SEM images and its
mapping, we fully prove that the BTSA molecule is uniformly
grafted onto the Zr4 clusters by coordination interactions, and
the PCN-222-BTSA is successfully obtained.

To investigate the contribution of the introduced BTSA to
the adsorption property, which is important for proton
conductivity, the N, and water vapor uptake tests were
conducted. As shown in Figure 3a, the surface area of PCN-
222-BTSA was discovered to be only 451 m?® g~', which is
sharply decreased compared to that of PCN-222 (2245 m?
g™ "). This fact evidently reveals the BTSA anchors on the Zr,-
clusters and thereby reduces the inner space of this MOF,
which is in good agreement with the aforementioned
characterization analyses. Surprisingly, however, the water
uptakes of PCN-222-BTSA are much higher than those of
PCN-222 below 75% RH. For example, the water uptake of
PCN-222-BTSA at 33% RH was 190 cm® g~', 2.7 times higher
than that of PCN-222 (71 cm® g7') at such a condition. The
prominent enhancement of water uptake of PCN-222-BTSA
may be reasonably explained by the high hydrophilicity of
sulfonic groups, which benefit the water adsorption. Although
the inner space of the PCN-222-BTSA pore is partially
occupied by BTSA, the strong affinity of these introduced
sulfonic groups on BTSA significantly enhances the water
uptake and eventually leads to the high water uptake capacity
at a high RH (>75%) condition, which is comparable to that of
PCN-222. The DFT-calculated binding energy of water in
PCN-222-BTSA was 51.17 kJ mol™', obviously higher than
that in the PCN-222 (44.46 k] mol™’, Figure S4). The higher
binding energy is in good agreement with the higher water
adsorption amount in PCN-222-BTSA, strongly proving the
higher water affinity of PCN-222-BTSA. This unique water
uptake behavior of the PCN-222-BTSA may be in favor of
forming much denser hydrogen-bonding networks, contribu-
ting to a more smooth proton migration pathway, as discussed
below.

To uncover the contribution of the introduced sulfonic
groups on the proton conductivity, the a.c. impedance
experiments were performed. Random impedance signals of
PCN-222 were detected below 75% RH, which implies that the
impedance is too large to be detected due to the poor proton
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Figure 2. Characteristics of PCN-222-BTSA. (a, b) XPS spectra of PCN-222-BTSA and PCN-222; (c) FT-IR spectra of PCN-222-BTSA, PCN-
222, and BTSA; (d—f) SEM and mapping images of PCN-222-BTSA. Scale bar: S ym.

(a)

(b)

= 400
"> 800+ PO~ STeTevsTorererenss & ﬂ: |
i3 g PcN-222 S 300
° 6001 . *j o PCN-222-BTSA
o) =
= < 200
S 400+ =3
2 E]
3 g 100 |
= 2004 PCN-222-BTSA § |
LA RO-OOOOOCOOOC-C-OTE e PCN-222 |
0 ) 2 0 |
0 25 5 75 100 S 0 25 50 75 100
PIPo RH /%

Figure 3. Gas uptake isotherms of PCN-222-BTSA and PCN-222: (a) N, and (b) H,O vapor. Open symbol, adsorption; closed symbol,

desorption.

conductivity at such a low RH. Even at a high RH, the Nyquist
plots of PCN-222 are really rough and just barely meet the
evaluation of proton conductivity (Figure S6). On the
contrary, however, PCN-222-BTSA shows perfect and smooth
Nyquist plots, which could be well fitted with the proposed
equivalent circuit regardless of whether the RH is low or high
(Figures 4a—c, S4, and SS). After calculating using eq 1, the
proton conductivities of PCN-222-BTSA were found to
dramatically increase with the elevated RH, which is
remarkably higher than that of PCN-222 at all RHs (Figure
4d). For instance, the proton conductivity of PCN-222-BTSA
at 75% RH was 3.8 X 107 S cm™, 959-fold higher than that of
PCN-222, which is only 4.0 X 107 S cm™, although the water
adsorption capacity values of PCN-222-BTSA and PCN-222 at
this RH are almost close to each other. Moreover, the
conductivity of PCN-222-BTSA at 33% RH was 2.0 X 1077 S
cm™), even higher than that of the PCN-222 at 85% RH. These
results strongly prove that the BTSA significantly improves the
proton conductivity, which is in good agreement with the
different water adsorption behaviors before and after BTSA
modifications.

To further unlock the proton transport mechanism,
temperature-dependent Nyquist plots were constructed at
100% RH. Both PCN-222-BTSA and PCN-222 show neat
semicircles, implying that both materials can conduct protons.
However, PCN-222-BTSA obviously showed a much smaller
semicircle than PCN-222, indicating that the resistance of the
PCN-222-BTSA pellet is very small (Figure Sab). Therefore,
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Figure 4. (a—c) Measured and fitted Nyquist plots of PCN-222 at
different RH values: (a) 33% RH, (b) 75% RH, and (c) 85% RH. (d)
Humidity-dependent proton conductivity of PCN-222-BTSA and
PCN-222 at 25 °C and different RH values. Hollow squares represent
almost undetected proton conductivity of PCN-222 below 75% RH.

the proton conductivities of PCN-222-BTSA were revealed to
be outstandingly higher than those of PCN-222 at all tested
temperatures (Figure Sc). For example, the proton con-
ductivity of PCN-222-BTSA was 1.4 X 107> S cm™ at 30 °C,
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Figure S. (a) Temperature-dependent Nyquist plots of PCN-222-
BTSA at 100% RH; (b) temperature-dependent Nyquist plots of
PCN-222 at 100% RH; (c) proton conductivity of PCN-222-BTSA
and PCN-222 at 100% RH and different temperatures; (d) E, of
PCN-222-BTSA and PCN-222.

489-fold higher than that of PCN-222, for which it is only 2.8
X 107 S cm™. As the temperature increased to 80 °C, the
proton conductivity of PCN-222-BTSA increased to 4.0 X
107% S em™, still 2 orders of magnitude higher than that of
PCN-222. This proton conductivity of PCN-222-BTSA is
higher than that of some typical MOFs, such as 1,2,3-triazole@
Cu,(F,AzoBDC),(dabco) (1.2 X 107 S em™)," UiO-
66(COOH), (2.3 x 107> S ecm™),"® Ui0-66-SO,H (3.4 X
107> S ecm™!),”" and Fe(OH)(bdc-(COOH),) (2.0 X 107¢ S
cm™),"” proving that our nanochannel engineering strategy is
effective to enhance the proton conductivity. These data
convincingly prove that the BTSA can effectively promote the
proton conductivity of PCN-222. Moreover, PCN-222-BTSA
can maintain its conductivity (Figure S8) and structural
integrity (Figure S2) after 100 h, demonstrating excellent
stability. Furthermore, the proton-conducting E, of PCN-222-
BTSA was found to be 0.21 eV according to eq 2 (Figure 5d),
implying that the proton transport behavior in this material
follows the Grotthuss mechanism. But, the E, of PCN-222 was
0.43 eV, which is much higher than that of PCN-222-BTSA,
indicating that the proton is hard to migrate due to lack of
sulfonic groups.

Based on the abovementioned structural features and proton
conductivity analyses, we propose a possible model to
reasonably explain the proton-conducting gathway (Figure
6). As clearly demonstrated in the literature,” hydrogen bonds
are responsible for the proton migration, which follows the
Grotthuss mechanism. It is no doubt that the hydrogen bonds
could form between the water molecules and the hydrophilic
atoms/groups, including the carboxylic acid group at the MOF
terminal in both PCN-222-BTSA and PCN-222. However, for
PCN-222-BTSA, the strong water affinity of —SO;H groups
improves its water adsorption, which benefits the formation of
dense hydrogen-bonding networks, offering a smooth pathway
for proton transportation at both low and high RH values. For
PCN-222, a successive hydrogen-bonding network is hard to
be formed in such large pores due to the lack of functional
—SO;H groups, leading to low proton conductivity. Therefore,
the proton would be much easy to conduct by the dense

Low RH

High RH

PCN-222

PCN-222-BTSA

@® -SO;Hgroup - - - Hydrogen bond -4 Water molecule ™= Framework

Figure 6. Proposed hydrogen bonds in the 1D channels along the ¢
axis in PCN-222-BTSA and PCN-222.

hydrogen-bonding networks along the ¢ axis in PCN-222-
BTSA than in PCN-222. Moreover, regardless of whether the
RH value is low or high, the —SO;H group could donate
protons in the water-containing channels, which also enhances
the proton conductivity of PCN-222-BTSA. Hence, at all
investigated RH values and temperatures, the proton
conductivity of PCN-222-BTSA is at least 2—3 orders of
magnitudes higher than that of PCN-222, indicating that the
BTSA modification strategy could significantly enhance proton
conduction.

B CONCLUSIONS

In summary, we developed a rational nanochannel engineering
strategy to construct proton-conducting PCN-222-BTSA with
abundant —SO;H groups by introducing BTSA molecules onto
the Zrg clusters of PCN-222. The introduced —SO;H groups
in the resultant PCN-222-BTSA enhanced the water
adsorption, which benefited the formation of successive
hydrogen-bonding networks at both low RH and high RH,
leading to the proton conductivity 2—3 orders of magnitude
higher than that of pristine PCN-222 at all evaluated RHs and
temperatures. To the best of our knowledge, PCN-222-BTSA
is the first postsynthetic modification of the nanochannel in
MOFs for proton conduction, thus opening a new avenue to
construct MOFs and other materials with high proton
conductivity.
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