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ABSTRACT: A water-stable metal−organic framework (MOF)-based composite,
H2SO4@MIL-101-SO3H, configured with functionalized sulfonate groups bound to
the polymeric backbone and nonvolatile strong acid H2SO4 encapsulated into
pores, is demonstrated as a superior proton-conducting material, owing to the
resultant multiple proton-transfer pathways. This solid material exhibits a
superprotonic conductivity of 1.82 S cm−1 (70 °C, 90% RH) that is comparable
to that of other excellent MOF-based proton conductors reported thus far. More
importantly, the splendid conductivity (0.92 × 10−2 S cm−1, −40 °C) of the title
material achieves an enormous improvement compared with that of all proton-
conducting systems demonstrated at subzero temperatures.

Fuel cells as a clean energy resource have attracted
considerable attention because of their minimized
emission of environmental pollutants and because water

is the only byproduct during reaction procedures.1 To improve
the efficiency of fuel cells, electrolyte species2−8 displaying high
proton conductivity and operating over a wide temperature range
are typically required.9 Consequently, a wide variety of inorganic
or organic compounds,10 such as ceramic oxides and
hydroxides,11−13 metal oxides,13,14 polymers,15,16 oxoacids,17,18

and their hybrids/adducts have been well studied as possible
proton-conducting materials employed in fuel cells. Among the
reported fuel cells systems, the proton-exchange-membrane fuel
cell (PEMFC) is recognized as the outstanding substitute for
traditional engines as a result of its high power density and
ultralow emission features.19,20 For instance, the state-of-the-art
PEMFC comprises perfluorinated polymer membranes (e.g.,
Nafion) containing terminal sulfonic acid groups that show high
proton conductivity (10−2 S cm−1) in the presence of water and
at low temperature (<80 °C).21 The high cost of the membranes
combined with the poor conductivity performance under harsh
operating conditions, however, extremely limits its large-scale use
in many technologies. Especially for automotive applications, the
hydrated PEMs will suffer from severe degradation induced by
freeze/thaw cycles when PEMFCs are exposed to subzero
temperatures.22−24 Currently, very limited progress has been
made in this area,24−26 though subfreezing operation of fuel cell
systems is an important concern. Thus, the development of
cheaper and yet better-performing proton-conducting replace-

ments applied to wide temperature range (including subzero
temperatures) would be expected for fuel cell applications.
It is well-known that the ionic conductivity is predominantly

determined by the amount and mobility of charge carriers
(protons),27 regardless of whether electrolyte materials are under
hydrous conditions or not. Over recent years, metal−organic
frameworks (MOFs) have proved unambiguously to be an
excellent platform to obtain advanced proton-conducting
materials,28−30 because of their intrinsic structural merits, such
as well-defined and functionalized pores and channels that are
very suitable for forming efficient proton-transfer pathways
including various conducting media.28,30,31 Another prominent
aspect is that the crystalline nature of MOFs can allow direct
visualization of the proton hopping and conduction routes,
offering valuable insight into structure−property relationships.32
On this foundation, some significant pioneering works by
Kitagawa et al.33−38 and Shimizu et al.27,39−44 have afforded a
profound understanding of the proton transportation mecha-
nism, in view of which one can design and synthesize superior
conducting materials in a more rational manner. Some practical
strategies have now been proposed to introduce multiple proton
carriers into MOFs,28,29 such as the inclusion of nonvolatile
strong acid (H2SO4 or H3PO4) into pores/channels as well as
functionalized moieties (amphiprotic nature) tethered to the
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polymeric backbone prone to form potential Brønsted acid−base
pairs and hydrogen bonding network, which can greatly promote
the proton-conducting properties.7,30,37,40,42,44−53 Accordingly, a
series of best-performing proton conductors originating from the
reported coordination polymers frameworks with aforemen-
tioned characters have been explored,34,42,48,54 and they
continually enhance the application possibilities of the materials.
Considering the feasibility of foregoing tactics, a MIL-101

porous structure derivative [formula given as Cr3(H2O)3O-
(BDC−SO3H)2(BDC−SO3), MIL-101-SO3H] possesses func-
tionalized sulfonate groups,55 as observed in Nafion, that
captured our attention because of its potential proton migration
pathway and because it is a proton donor. Also, the high chemical
stability of MIL-101-SO3H likewise allows us to inject H2SO4
into its ordered pores and then creates an additional proton-
transfer path. In this case, a strong conductivity will probably be
anticipated.
In this Letter, a series of H2SO4@MIL-101-SO3H composite

materials loaded with different concentrations of sulfuric acid (1
M, 2 M, and 3 M) are presented that enables a significant rise in
conductivity (σ). The detailed conductivity characterization
finally confirmed that compound H2SO4@MIL-101-SO3H (3
M) shows very high σ values of 1.82 S cm−1 (70 °C, 90% RH)
(Table S1) and 0.92 × 10−2 S cm−1 (−40 °C) (Table S2) for all
the MOF-based proton-conducting materials reported to date,
and its superior proton conductivity performence under subzero
temperature (−40 °C) showed an excellent durability even after
20 hours with a negligible loss of conductivity.
Compound MIL-101-SO3H with inexpensive raw materials

was hydrothermally prepared as previously reported (Supporting
Information);55 the parent architecture features two types of
cages filled with Lewis acidic Cr(III) sites and high-density
Brønsted acidic −SO3H sites (Scheme 1a), the latter of which
encourage us to explore the proton conductivity, because they
can serve as one kind of steady proton source that confers
protons to hydrogen-bonded proton-conducting routes. At the
same time, different concentrations of aqueous solutions of
H2SO4 (1 M, 2 M, and 3 M), as another means for releasing
protons to the conduction pathways, were blended with the

compound MIL-101-SO3H, giving rise to our target composite
proton-conducting materialsH2SO4@MIL-101-SO3H (Scheme
1b). For the sake of comparison, the parallel H2SO4@MIL-101
system infused with the same concentrations of H2SO4 (1M, 2
M, and 3 M) and compound MIL-101-SO3H were tested
simultaneously to prove the efficiency of the roles played by the
aforementioned two factors in facilitating proton conductivity.
Prior to the proton conductivity characterization, the

structural integrity of involved compounds toward treatment of
different concentrations of H2SO4 solution was confirmed by
powder X-ray diffraction (PXRD) analysis. The phase purity of
the as-synthesized MIL-101-SO3H was identified from the
PXRD profile which correlated with the pattern for simulated
MIL-101. As shown in Figure 1a, the nearly overlapped PXRD

patterns between them are consistent with the scenario
documented in ref 55. As for H2SO4-impregnated composite
materials, the well-matched PXRD patterns indicated that their
parent coordination networks remained intact, albeit with no
reflections at lower angles (Figures 1a, S1, and S2), which is likely
due to some local distortions and mosaicity of the MIL-101/
MIL-101-SO3H crystal structure upon filling of the pores.48 In
addition, for the H2SO4-encapsulated sample after washing with
water, their PXRD pattern overlapped with that of the original
host metal−organic framework (Figures 1a, S1, and S2), further
proving the integrity of the host framework. At the same time,
measurement of the N2 adsorption−desorption isotherms of
H2SO4-loaded composite materials after washing with water was
carried out, as shown in Figures S3b and S4b; the almost
overlapped curves further indicate the reservation of structural
integrity of pristine host frameworks. Scanning electron
microscopy (SEM) images also display that H2SO4@MIL-101-
SO3H, MIL-101, and MIL-101-SO3H have analogous morphol-
ogies and grain sizes (Figures 1b, S5, and S6).44 It is noted that a
trace amount of H2SO4 molecules will inevitably attach on the
surface of the sample, and it is difficult to dispose of them by
washing, as the small H2SO4 molecules within large pore spaces

Scheme 1. (a) Host Framework of Compound MIL-101-
SO3H Decorated with High-Density Brønsted Acidic −SO3H
Groups (Yellow Balls) with Green Polyhedron Representing
the Coordination Geometry of Cr(III) Spin Center; (b)
Schematic Illustration of the Preparation of H2SO4@MIL-
101-SO3H Composite Material

Figure 1. (a) PXRD patterns of simulated MIL-101 (black), as-
synthesized MIL-101-SO3H (red), as-synthesized H2SO4@MIL-101-
SO3H (blue, 3 M), and as-synthesized H2SO4@MIL-101-SO3H (3
M) washed by water for acid elimination (green). (b) SEM imagine
of as-synthesized H2SO4@MIL-101-SO3H (3 M). (c) Element
mapping images of H2SO4@MIL-101-SO3H (3 M) suggesting that
C, O, S, and Cr elements are in homogeneous distribution.
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(with the diameters of 1.1 and 1.5 nm) of MIL-101/MIL-101-
SO3H framework also can be removed simultaneously, which has
been demonstrated in previous work.48 To further confirm
H2SO4 molecules existed in the pores of MIL-101 and MIL-101-
SO3H networks, N2 adsorption−desorption isotherm measure-
ments at 77 K were carried out (Figures S3a and S4a). In contrast
to the high original isotherms of MIL-101 and MIL-101-SO3H
systems, the dramatically descending uptakes after impregnation
of H2SO4 solutions suggest that the porous space of host
frameworks has been mainly occupied by H2SO4 molecules.
Moreover, this fact can be confirmed by elemental mapping test
whose elemental distributions of C, O, S, and Cr are evenly
distributed in the composite material H2SO4@MIL-101-SO3H
(3 M) (Figure 1c). In addition, energy-dispersive X-ray
spectroscopy (EDX) spectra are shown in Figures S7−S14,
where Figures S9−S14 also clearly show the presence of S atoms
in H2SO4@MIL-101 and H2SO4@MIL-101-SO3H materials.
Taking into account these results along with EDX analysis, it is
evident that H2SO4 molecules were successfully encapsulated
into the voids of MIL-101 and MIL-101-SO3H frameworks.
RH-dependent proton conductivities of the title materials

were determined first by using alternating-current (AC)
impedance spectroscopy at fixed temperature (30 °C). As we
can see, an obviously ascending trend for conductivities of
H2SO4@MIL-101 (3 M), MIL-101-SO3H, and H2SO4@MIL-
101-SO3H (3 M) has been revealed, with the increasing
humidity from 40% to 90% RH. These monotonically increasing
plots (Figures S15−S17) highlight that water molecules play an
important role in creating the proton-conducting pathways of
materials, because it can serve as one kind of proton-transfer
vehicle, in the form of H2O−H3O

+. Furthermore, this fact can
further be confirmed by the high water adsorption isotherms of
these materials executed at 298 K (Figures S18−S21). In
addition, sulfonic acid groups make the material more hydro-
philic to absorb more water molecules to establish favorable
proton-transfer pathways,45 similar to those observed in
Nafion.56 When the humidity rises to 90%, as we can see
(Figures S22−S24), the conductivities of targeted materials
reach the maximums. The real (Z′) and imaginary (Z″) parts of
the impedance spectra of H2SO4@MIL-101 (3 M), MIL-101-
SO3H, H2SO4@MIL-101-SO3H (3 M), and their analogs with
different concentrations of H2SO4 at 30 °C, 90% RH are shown
in Figures 2a,c,e, S25, and S26. The semicircle in the high-
frequency region deals with bulk and grain boundary resistance,
whereas the tail at low frequency corresponds to mobile ions that
are blocked by the electrode−electrolyte interfaces (Figure
2a,c).54 As shown in Figure 2e,f, two clear semicircles of MIL-
101-SO3H are present in the high-frequency region, correspond-
ing to the bulk and grain boundary resistance from the
contribution of the electrode.48 Consequently, we fit the total
resistances to calculate the conductivities of the samples. The
maximal conductivity (3.55 × 10−1 S cm−1) of H2SO4@MIL-
101-SO3H (3 M) is higher than that of H2SO4@MIL-101 (3 M)
and more than 4 orders of magnitude above that of MIL-101-
SO3H under the same conditions. Furthermore, such a big σ
value exceeds that of any proton-conducting MOF reported to
date and the most effective known electrolyte, Nafion (Table
S1). The reason for obtaining superprotonic conductivity may be
attributed to the synergistic effect of multiple proton units
involving water molecules, high acidity of the guest medium
(H2SO4), and high-density Brønsted acidic −SO3H groups. In
addition, it is undeniable that interparticle phases have a
contribution to proton conduction originating from H2O

molecules and/or a trace of H2SO4 molecules on the surface.57

To determine further if such a high conductivity for targeted
materials can be extended to a wider temperature range, we
carried out temperature-dependent conductivity measurements
during two heating and cooling cycles with the temperature
range of 30−70 °C at 90% RH (Figures S27−S29). The
structural integrities of the targeted materials after two heating−
cooling cycle measurements have been confirmed by the
corresponding PXRD patterns and FT-IR spectra (Figures
S30−S32). Upon the elevated temperature, as shown in Figures
S33−S35, the conductivity increased steadily. When the
temperature ascend to 70 °C, H2SO4@MIL-101-SO3H (3 M),
H2SO4@MIL-101 (3 M), and MIL-101-SO3H reached their
maximum values of 1.82, 6.09 × 10−1, and 6.32 × 10−5 S cm−1,
respectively (Figure 2b,d,f). Obviously, the high proton
conductivity of H2SO4@MIL-101-SO3H (3 M) represents an
important breakthrough in MOF-based proton-conductive
materials (Table S1). Zview software was used to fit impedance
value to get the equivalent circuit at 70 °C and 90% RH (Figure
S36). The slight deviations on the conductivities between
heating and cooling regime might be related to the different
hydrolysis degree of materials, as a result of lacking sufficient time
to reabsorb water molecules during the cooling process. Of
course, the slower kinetics at lower temperature also has a certain
influence for adsorption of water molecules into channels.48 In
addition, the activation energies (Ea) in the cycle tests of
materials can be extracted from the relevant Arrhenius plots
(Figures S37−S39), which indicated the Grotthuss mechanisms
for proton transportation occurred in H2SO4@MIL-101-SO3H
(3 M).
The subzero performance of proton-conducting material was

deemed as a significant concern in automatic application of fuel
cells exposed in colder climates. Therefore, the corresponding
conductivity measurements of target materials at lower temper-

Figure 2. Nyquist plots of (a) H2SO4@MIL-101-SO3H (3 M), (c)
H2SO4@MIL-101 (3 M), and (e) MIL-101-SO3H at 30 °C and 90%
RH and of (b) H2SO4@MIL-101-SO3H (3M), (d) H2SO4@MIL-101
(3 M), and (f) MIL-101-SO3H at 70 °C and 90% RH.
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atures (−40 to−10 °C) were executed to verify their subfreezing
potential as electrolytes. Upon the cooling temperature, there
exist a moderate decline in conductivities of H2SO4@MIL-101 (3
M), MIL-101-SO3H, and H2SO4@MIL-101-SO3H (3 M), as
shown in Figure 3c and Table S2. However, the composite

H2SO4@MIL-101-SO3H (3 M) still maintains a high value of σ
(0.92 × 10−2 S cm−1) at −40 °C, which is the highest among all
the reported proton-conducting materials at subzero temper-
ature (Table S3). From the temperature-dependent plots of
conductivity (Figure 3c), H2SO4@MIL-101-SO3H (3 M)
composite performs much better than H2SO4@MIL-101 (3
M) and MIL-101-SO3H, which benefited from the effective
combination of two kinds of protonic sources. Moreover, the
Nyquist plots related to the title materials indicate that the
conductivity was indeed promoted tremendously by enduring
higher concentration of H2SO4 molecules compatible with the
host framework (Figures 3a,b, S40, and S41). Given that keeping
good performance in cooling−heating cycles is necessary for fuel
cell application, the cyclic measurements to the conductivities of
H2SO4@MIL-101 (3 M), MIL-101-SO3H, and H2SO4@MIL-
101-SO3H (3 M) were separately performed two times (Figures
S42−S44). The final structural robustness of the title materials
after measurements were confirmed by matched PXRD patterns
and FT-IR spectra (Figures S45−S47). Apparently, the cooling
conductivity plots of these materials (Figures S48−S50) were
almost linear, showing no significant transformations in the
sample hydration.48 At the same time, the altered temperature
has hardly affected the acid content because of the observed
minor variation of conductivity values (Figures S48 and S50)
which reveal the predictable nature of conductivity patterns that
are beneficial for possible fuel cell application. In the cycle
measurements, each material under this condition was pressed
into three samples to get individually corresponding resistance
values, and then we use their average resistance (R′average) to
calculate Ea values to get a better linear relationship and more
accurate Ea values. The activation energies (Ea) extracted from
the Arrhenius equation for H2SO4@MIL-101 (3 M), MIL-101-
SO3H, andH2SO4@MIL-101-SO3H (3M) are shown in Figures

S51, S52, and S53, respectively, wherein the energy values of
H2SO4@MIL-101-SO3H (3 M) and H2SO4@MIL-101 (3 M)
are much lower than that of MIL-101-SO3H, suggesting the
introduction of H2SO4 with low pKa value into MIL-101/MIL-
101-SO3H skeleton provides more protons that are conducive
for efficient proton transportation. The activation energy (Ea)
shown in Figure 3d was extracted from the first cooling cycle of
H2SO4@MIL-101-SO3H (3 M). The small Ea value (0.21 eV)
lies within the range corresponding to the Grotthuss
mechanism,58 which involves fast proton transfer between
adjacent H2SO4···HSO4

− and/or −SO3H
−···−SO3

− Brønsted
acid−base pairs. Such lower value of activation energy for proton
transfer was also reported in other high acid-encapsulated
proton-conducting materials.48,49,59 In addition, the discrepancy
in the proton conductivity of the involved materials between
ambient atmosphere and subzero temperature is probably
ascribed to the reduced hydration level caused by water
molecules freezing. In order to further validate the reliability of
conductivity of materials at subzero temperatures, time-depend-
ent proton conductivity measurements of H2SO4@MIL-101-
SO3H (3 M) were performed at −40 °C. Remarkably, high
proton conductivity with a negligible loss was conserved even
after 20 hours (Figure S54), and the corresponding PXRD
pattern and FT-IR spectra finally corroborated the structural
integrity of the composite (Figure S55), suggesting an excellent
durability of composite H2SO4@MIL-101-SO3H (3 M).
Efficient proton-transfer pathways are integral to proton

conduction, which is germane to hydrogen-bonded network.29,30

The intrinsic proton-conducting mechanism of the investigated
composite materials (Figure 4) demonstrates that the high

conductivity partially rests upon the hydrogen-bonded network
contributed byH2SO4−HSO4

− acid−base pair in whichH2SO4 is
regarded as proton donor to form an efficient proton-transfer
pathway in pores. As the increased content of H2SO4 (based on
S/Cr atomic ratios calculated from EDS results, as shown in
Tables S4 and S5) molecules in MIL-101/MIL-101-SO3H, the
corresponding proton conductivities of the title compounds at
indicated temperatures were improved clearly. In additio, the
sulfonate acid groups of MIL-101-SO3H can also provide
protons to increase proton carriers, and it can function to deliver

Figure 3. Nyquist plots of (a) H2SO4@MIL-101 (3 M, red), H2SO4@
MIL-101-SO3H (3M, blue), and (b)MIL-101-SO3H (orange) at−40
°C. (c) Temperature-dependent proton conductivities of H2SO4@
MIL-101-SO3H (3 M, blue), H2SO4@MIL-101 (3 M, red), and MIL-
101-SO3H (orange). (d) Arrhenius plots of H2SO4@MIL-101-SO3H
(3 M) at subzero temperatures. The solid line (red) is shown to
calculate the value of Ea.

Figure 4. Schematic view of possible intrinsic proton conduction
mechanism for H2SO4@MIL-101-SO3H including proton donors
(H2SO4 molecules and −SO3H groups), proton receivers (HSO4

−

and − SO3
− ions), and proton carriers (H+ ion).
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water molecules nearby into the pores to form efficient proton-
transfer pathways, resulting in a large improvement on proton
conduction. From the comparison of activation energies at the
indicated temperature range (−40 to 70 °C) (Table S6), the
coexistence of three types of proton sources (H2O, H2SO4, and
−SO3H

−) resulted in multiple possibilities of proton transport
referring to Grotthuss and vehicular mechanisms, while the
Grotthuss mechanism became evenmore dominant forH2SO4@
MIL-101-SO3H (3 M)/H2SO4@MIL-101 (3 M) in subzero
temperatures. Attempts to perform theoretical calculation so as
to have a full understanding of the specific proton conductive
paths occurring in these materials have proven unsuccessful
because of the great number of atoms within the unit cell of host
MOF framework resulting in an unimaginably complicated
computation.
In summary, we have fabricated a superior conductive

composite H2SO4@MIL-101-SO3H that displays efficient
multifold proton-transfer pathways contributed by water
molecules (hydrous condition), functionalized sulfonate groups
tethered to the polymeric backbone, and nonvolatile strong acid
(H2SO4) encapsulated into pores. The simple and viable
composite approach finally endows target material with super-
protonic conductivities of 1.82 S cm−1 (70 °C, 90%RH) and 0.92
× 10−2 S cm−1 (−40 °C), both of which have surpassed that of
any MOF-based proton conductors reported to date, on equal
terms. Moreover, such high conductivity can be retained for at
least 20 h under−40 °C, indicative of excellent structural stability
under harsh fuel cell operating conditions. The prominent
performance on proton conductivity of H2SO4@MIL-101-
SO3H is mainly attributed to the synergistic effect of multiple
effective proton units. At the same time, our findings should also
arouse more research interest in further improvement of
commercial solid electrolytes or proton sensors.
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