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Abstract: A two-dimensional (2D) carbon nanofilm with
uniform artificial nanopores is an ideal material to ultimately
suppress the fuel permeation in the proton exchange membrane
fuel cells. Graphdiyne has great mechanical strength, high
dimensional stability, and controllable nanopores, and has
good prospects to play this crucial role. It is found that
graphdiyne nanofilm with amino groups and natural nano-
pores can be easily prepared with high integrity. The aminated
graphdiyne has good compatibility with the Nafion matrix
owing to the acid-base interaction between them. The excellent
comprehensive properties of graphdiyne in selectivity, dimen-
sional stability, and integrity effectively improve the power
performance and stability of fuel cells at wide temperature. Our
results can be developed into a universal method that can easily
realize the selective separation of ions and small molecules, and
open a new way for the emerging applications in green energy.

The direct methanol fuel cell (DMFC) has been highly
concerned as one of the promising power supplies,!!! because
of its advantages in terms of portability, safety, high energy
density, and renewability.”) Nafion membrane is still the
benchmark of proton exchange membrane (PEM), because of
its high proton conductivity and stability.’! However, its high
proton conductivity is also accompanied by serious methanol
permeability,”! which reduces the utilization efficiency of
methanol, and poisons the cathode catalysts. Its essence is the
unstable and widely-distributed ionic cluster in Nafion*!
under different temperatures.”! Scientists have focused on
solving this problem for decades. They have tried to add
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crosslinking additives and pore blockers.”>*! Among them,
the utilization of 2D materials (graphene, h-BN) with nano-
pores are promising owing to the good dimensional stability.
However, the limitations in the preparation and perforation
technologies prevent us to achieve large-scale 2D material
with uniform nanopores for DMFCs."”’

From the perspective of structure, 2D atomic crystal
graphdiyne (GDY) shows unique advantages in term of
selective nanopores, dimensional stability, and preparation.®!
GDY has already shown strong potential in the energy
storage, catalysis, and optoelectronics.””! It theoretically shows
high selectivity in seawater desalination and fuel and gas
separation.'! GDY possesses 2D conjugated skeleton, and
therefore the in-plane pores can inherently maintain out-
standing dimensional stability in a wide temperature range.
Its combination with Nafion can produce an ideal membrane
with complementary advantages in proton conductivity and
methanol suppression. However, the preparation of single-
layer and double-layer GDY films with selective transfer is
still a scientific challenge.

To achieve the molecular selectivity in any thickness and
good compatibility with Nafion, an aminated GDY (named as
NH,-GDY) nanofilm with well-ordered structure is prepared
in large scale. The intrinsic nanopores in NH,-GDY are large
enough to ensure the selective accessibility of proton in any
thickness, and the amino groups increase the compatiblity
owing to the acid-base interaction with Nafion. Its combina-
tion with Nafion greatly suppresses the methanol crossover,
and enhances the performance in DMFCs. This work detours
the challenges in the perforation technology and thin carbon
film preparation, and it shows a great universality for readily
constructing the 2D porous carbon nanofilm with high
selectivity for many applications.

The structure and synthesis process of NH,-GDY are
shown in the Supporting Information, Figures S1-S6. The
NH,-GDY can be largely synthesized via the state-of-the-art
method (Supporting Information, Figure S7)."! After the
removal of Cu foil, the NH,-GDY film maintains a good
integrity, and it is transparent (Supporting Information,
Figure S7a,b). The good continuity is beneficial for the
selective transfer of proton and preventing the methanol
crossover. It is strong enough to be transferred easily into the
Nafion solution for the membrane preparation of NH,-
GDY@Nafion, and no cracks are appeared (Supporting
Information, Figure S7c,d). The NH,-GDY is successfully
embedded in the Nafion matrix (Supporting Information,
Figure S7d). The Raman spectrometer is widely applied in
the characterization of carbon materials owing to their strong
characteristic peaks.'”! The strong peak over 2150 cm™' is
originated from the stretching vibrations of the diyne linkage

Angew. Chem. Int. Ed. 2019, 58, 15010 -15015

t.)

Check for
updates


http://dx.doi.org/10.1002/ange.201910588
http://dx.doi.org/10.1002/anie.201910588
http://orcid.org/0000-0001-5279-0399
https://doi.org/10.1002/anie.201910588
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201910588&domain=pdf&date_stamp=2019-09-13

GDCh
~~

(Supporting Information, Figure S8), indicating that the NH,-
GDY is high quality. The high-quality of NH,-GDY is also
confirmed by the IR spectroscopy in the Supporting Infor-
mation, Figure S9. The solid-state C-NMR (Supporting
Information, Figure S10) shows the characteristic of carbon
elements in the NH,-GDY, and C configurations are well
coincident with the structure of NH,-GDY. Also, the peaks of
the corresponding elements in XPS (Supporting Information,
Figure S11) can be well-deconvoluted and assigned to the
accurate structure of the NH,-GDY. According to these
measurements, it can be concluded that the NH,-GDY with
well-defined structure is prepared. The XRD testing (Sup-
porting Information, Figure S12) has a strong peak at a 26 of
24°, corresponding to the interlayer distance of 2D NH,-GDY,
similar to other 2D carbon materials.”!

In the SEM (Figure 1a; Supporting Information, Fig-
ure S13), it can be seen that the large-scale NH,-GDY film has
good connectivity and flexibility. AFM (Figure 1b; Support-
ing Information, Figure S14) shows that such a film is smooth
with a thickness of about 13.8 nm. The TEM image (Fig-
ure 1c; Supporting Information, Figure S15) exhibits the
good flexibility and uniformity of NH,-GDY. The uniform
feature and large-scale integrity are necessary to realize stable
selectivity for the methanol suppression in the DMFC. The
elemental distributions (Supporting Information, Figure S16)
ambiguously reveal the carbon-rich nature of NH,-GDY with
well-distributed N elements. The interlayer distance is
0.36 nm (Supporting Information, Figure S15b). Its well-
ordered structure is observed as shown in Figure 1d,e. The
typical characteristic lattice fringes with an interval of 0.47 nm
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can be clearly seen (Figure 1d,e), and the high-quality
electron diffraction can be obtained (Figure 1f). Because
NH,-GDY has a 2D hexagonal lattice with a =1.66 nm, the
SAED was also indexed using a lattice with a = 1.66 nm, with
the spots close to the direct beam indexed as 300 and its
equivalents (Figure 1 f).

The absence of hk0 (h, k<3) was attributed to the
symmetric extinction and intensity extinction, which suggests
a 1/3*1/3 hexagonal lattice on the 2D projection, with a =
0.55 nm, which is 2/,/3 times of the 0.47 nm interval and /3/3
times of the edge of the hexagonal ring. Hence we proposed
a stacking model of NH,-GDY, as shown in Figure 1g,h. One
NH,-GDY layer is shifted by 1/3a (or its equivalent direction)
compared to its neighbors. On the 2D projection, the benzene
rings are located next to the center of the diyne groups of its
projection of the neighboring layers, and the projection of all
of the benzene rings forms the hexagonal lattice of a=
0.55nm. To simulate a perfect SAED pattern, a 9-layer
model is needed. In practice, some disordered stacking may
present and will not affect the SAED pattern. Therefore, the
possible disorder may produce two stacking models with the
largest (hexagonal) and the smallest (rhombus) pores as
shown in Figure 1i-1. The size of both pores is enough for
proton cross-plane transfer. Owing to the presence of amino
groups, two kinds of proton transfer mechanisms will possibly
happen, as illustrated in Figure 1m and the Supporting
Information, Figure S17. The Grotthuss-type transfer is
taken place among the adjacent amino groups,'* and the
vehicle type transfer is the dominated approach when their
distance becomes larger. In the Grotthuss-type model, the

Figure 1. Characterization of NH,-GDY. a) SEM image, b) AFM image with the corresponding height, and c¢) TEM image of NH,-GDY film; d) well-
defined pattern of NH,-GDY; e) the ABSF-filtered image in (d); f) selected-area electron diffraction (SAED); g) structural simulation of NH,-GDY;
h) the stacking property of multilayer NH,-GDY; the different colors show the transfer channel for protons; i) and j) the AA stacking with the
widest hexagonal pores; k) and |) the AB stacking with the narrowest rhombus pores; m) the vehicle-type mechanism of the proton transfer

among interlayers in the NH,-GDY membrane.
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Figure 2. Interaction between Nafion and NH,-GDY. a)—c) High-resolution XPS spectra of the composition membrane; d) One-dimensional
grazing incident X-ray diffraction plots (1D-GIXRD) of samples. e) Large-scale TEM image of the NH,-GDY film embedded in the Nafion;
f) magnified image showing the induced phase separation of Nafion; g) magnified image exhibiting the profiles of NH,-GDY in the Nafion;
h) high-resolution TEM image near the surface of the NH,-GDY; i) the possible assemble of Nafion on the NH,-GDY; j)-m) the element

distribution near the NH,-GDY film.

protons jump between the hydrogen bonds and/or the proton
passes down the chain of water molecules in which the process
of continuous generation and decomposition of the hydrogen
bond is carried out. It is considered to be efficient for the
selective transfer.™™) The vehicle mechanism is that the
protons and medium (here H,0O) are combined into larger
particles (for example, H*(H,0),) to diffuse in the electrolyte.

The XPS and GIXRD were used to verify the interaction
between NH,-GDY and Nafion (Figure 2; Supporting Infor-
mation, Figure S18, S19). The high-resolution XPS of C 1s
shows the composition of such membrane (Figure2a).
According to our design, the amino groups in NH,-GDY are
to tune the assembly of Nafion. Figure 2b reveals that the
binding energy of N1s shifts from 400 eV to 402.5 eV. It can be
fitted well into two peaks, which is of the amino groups and its
protonated forms. The protonated amino group is the
indication that the acid-base interaction between the Nafion
and NH,-GDY is present, and two proton transfer mecha-
nisms will happen. Such strong acid-base interaction will
greatly impact the phase separation of Nafion by tuning the
counter-balance between the electrostatic energy and the
deformation of backbone chains.!"” The variations in O 1s are
due to the introduction of Nafion (Figure 2c; Supporting
Information, Figure S11d). The microstructure of the mem-
branes was then analyzed by GIXRD (Figure 2d; Supporting
Information, Figure S19). In Figure 2d, the broad peak at g =
7-15nm™" is attributed to the amorphous and crystalline
scattering of the backbone nanophase in the membrane,
respectively; the peak at g =2 nm™' is due to the ionic cluster
in Nafion. Meanwhile, a new peak (¢g=4.0nm™') was
generated in such a composite membrane. According to the
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Equation of d=2mn/q,'"”! the d value of the new peak is
1.57 nm, which is much close to the characteristic pore size
(1.66 nm) in the NH,-GDY (Figure 1i). Thus, it can be
deduced that the NH,-GDY causes smaller ionic clusters in
Nafion, which is good for suppressing in the methanol
Crossover.

It is necessary to take measurements to observe the small
ionic clusters, which is helpful to understand the interaction
between the NH,-GDY and Nafion. Then, the TEM sample
was prepared by the precision ion polishing system. Figure 2 e
shows good continuousness of NH,-GDY in the Nafion
matrix, meaning that the NH,-GDY is mechanically stable
during the preparation. The magnified image of Figure 2 f
demonstrates that the NH,-GDY film is about 20 nm, and the
color gradually becomes darker close to the NH,-GDY. This is
due to the induced enrichment of the sulfonic groups by the
NH,-GDY. It is the evidence that the NH,-GDY interacts
intensively with Nafion. Thus, these two components have
good compatibility, and during the application, the induced
assembly of Nafion will have additional influence in its
performance. According to Figure 2g and the Supporting
Information, Figure S20, the clear profile of NH,-GDY can be
found. The ordered phase separation with a distance of about
1.7 nm is clearly observed in Figure 2 h, which is much close to
that of two adjacent nanopores, as shown in Figure 2i.
Moreover, such value is consistent with the result in the
GIXRD test. Accordingly, it can be inferred that the new
peak in the GIXRD is ascribed to the ordered assembly of
Nafion by NH,-GDY. The induced assembly is also certified
in the elemental distribution mapping of Figure 2j—m and the
Supporting Information, Figures S21, S22. It is found that the

Angew. Chem. Int. Ed. 2019, 58, 15010 -15015
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elements of O, S, and F from Nafion are remarkably enriched
near the NH,-GDY, implying their intensive interaction.
Therefore, the assembly of Nafion on NH,-GDY can be
illustrated in Figure 3a—c. During the preparation, the NH,-
GDY and the Nafion molecules are interlocked together
owing to the acid-base interaction, thus the NH,-GDY plays
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Figure 3. Possible assembly and theoretical simulation. a)—c) Illustra-
tions showing the assembly of Nafion on NH,-GDY; d),e) the energy
variation when the hydrated proton (d) and the methanol molecule (e)
passing through NH,-GDY;; f) the temperature dependence of the
proton conductivity; g) the methanol crossover current densities at
65°C in Tm methanol solution.

as the template for the smaller and ordered ionic clusters,
which is good for stopping fuel permeation. Additionally, the
native selectivity of NH,-GDY between the methanol and
hydrated proton were also calculated by using the Vienna
ab initio simulation package (VASP). The high amount of the
sp-hybridized carbon atoms is the unique character of GDY.
The optimized configurations (Supporting Information, Fig-
ure S23) demonstrate that the sp-hybridized carbon atoms
can realize the selectivity between the hydrated proton and
the methanol because the hydrated proton has a much higher
binding energy of 1.74 eV than that of methanol (0.07 eV).
The higher binding energy is ascribed to the charge transfer
between the hydrated proton and the sp-hybridized carbon
atoms (Supporting Information, Figure S23a). In contrast,
there is no obvious charge transfer between the methanol and
the NH,-GDY (Supporting Information, Figure S23b). For
simplifying the transport process, one starting position on
a two-layer NH,-GDY film were used as the calculation
model (insets in Figure 3d,e). The design of this model is
because this behavior will be repeated in a thick NH,-GDY
film for these molecules. The plots in Figure 3d,e show the
energy variations during the process. When the hydrated

Angew. Chem. Int. Ed. 2019, 58, 15010-15015
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proton moves forward to the diyne linkage, the interaction
between the hydrated proton and the diyne linkage is strongly
enhanced from 0 to about 2.3 eV. However, it changes very
small in the case of the methanol. The big difference
demonstrates that the sp-hybridizition-carbon-rich channels
in the NH,-GDY are preferential for the accessibility of the
hydrated protons (Supporting Information, Figure S24).
Accordingly, the NH,-GDY will be a promising membrane
for realizing the selective accessibility of proton and sup-
pressing the methanol permeability.

The NH,-GDY shows intrinsic selectivity between the
methanol and hydrated proton, and it also reduces the size of
the nanochannels for the methanol transport in the Nafion
matrix owing to the acid-base interaction. Then, the temper-
ature-dependence proton conductivity was tested (Supporting
Information, Figures S25, S26). Figure 3f shows that the
conductivity of such composite membrane is slightly lower
than the pure Nafion from 25 to 80°C. It is understandable for
this phenomenon because of the selectivity of NH,-GDY and
the smaller ionic cluster near its surface. We can find that the
variations of the proton conductivity follows the Arrhenius
relationship of o = o,exp(—E,/kT)."¥! In the equation, the o is
the proton conductivity, the E, is the activation energy. The
slope of the plot in Figure 3f reveals that the composite
membrane has an E, of 6.255 kJ mol ', which is slightly higher
than the pure Nafion (4.786 kI mol ). Besides, the composite
membrane has stable mechanical property (Supporting Infor-
mation, Figure S27). Nafion has excellent proton conductiv-
ity, therefore it is cost-efficient if a slight decrease in the
conductivity can greatly prevent the methanol crossover. As
shown in Figure 3 g, the highest oxidation current density of
the pure Nafion is 84.5 mA cm™2, which is greatly suppressed
to 65 and 53 mA cm % respectively in the composite mem-
brane with thickness of 25 and 60 um. Therefore, this thin
NH,-GDY film efficiently suppresses 23 % and 38 % meth-
anol permeation. However, in a thicker composite membrane
of 90 um (Supporting Information, Figure S28), it has a cur-
rent density of 50 mA cm ™% This shows that the NH,-GDY
film is the main factor for this improvement.

The membrane electrode assembly (MEA) is obtained for
the single-cell DMFC (Supporting Information, Figure S29).
Figure 4 and the Supporting Information, Figure S30 show the
corresponding polarization curves of the DMFC based on
these MEAs. For the pure Nafion (60 um) (Figure 4a), the
cell has an open circuit voltage (OCV) of 0.27, 0.3, 0.33 V at
the temperature of 25, 65, 80°C, respectively. The maximum
power density of such cell is increased from 10 (25°C) to
25 mWem™ (80°C), because a higher temperature enhances
the membrane conductivity and catalytic activity. While using
NH,-GDY@Nafion-25 (Figure 4b), the performance is obvi-
ously higher than that of the plain Nafion. The maximum
power output is improved to 11.2 (25°C), 24.3 (65°C), and
42,5 mWcem 2 (80°C), respectively. It is very promising and
attractive that such a high power density can be approached
base on the composite membrane with a thickness of 25 pum.
Compared with the pure Nafion membrane (60 um), it saves
58% Nafion and achieves higher performance. Especially in
the NH,-GDY@Nafion-60 (Figure 4c), the OCV of this single
cellis up to 0.54, 0.58, 0.59 V at the temperatures of 25, 65, and
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Figure 4. Electrochemical performance. a)—c) Polarization curves and
power densities of the DMFCs with Nafion, NH,-GDY @ Nafion-25, and
NH,-GDY @ Nafion-60, respectively; d) Stability of the DMFCs under
current density of 50 mAcm™2. Methanol concentration: 1m, cell
temperature: 65 °C.

80°C, respectively. The maximum power density is further
increased to 23 (108 mA cm?), 36.8 (165 mAcm?), and 50
(225 mAcm™? mWem™ at 25, 65, and 80°C, respectively.
Indeed, the NH,-GDY@Nafion-60 exhibits 2.5 times higher
power density than the plain Nafion (60 pum) and only about
25% higher than the NH,-GDY@Nafion-25. Thus, the
increased degree in the power output at 80°C indicates that
the performance enhancement is mainly attributed to the
introduction of NH,-GDY. This phenomenon is further
confirmed in the case of NH,-GDY@Nafion-90 (Supporting
Information, Figure S30), in which only a power density of
59.5 mWem™ can be approached at 80°C. The long-term
stability of all DMFCs is obtained under a current density of
50 mA cm % Figure 4 d shows that the cell with the NH,-GDY
output a more stable and higher voltage after 38 h than that of
the pure Nafion. This phenomenon is also ascribed to the
lower permeability and the stable interaction between Nafion
and NH,-GDY.

In summary, the 2D NH,-GDY with well-defined struc-
ture is first prepared to realize the good selectivity between
the proton and methanol. The DMFCs based on such
membrane show improved performance. This work for
constructing selective 2D carbon material detours the chal-
lenges facing in the perforation technology and thin carbon
film preparation. It opens the new way in solving the selective
transfer problems in applications of fuel cells, batteries,
catalysts, gas separation, purification, and so on.
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