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High Proton Conductivity of Water Channels in a Highly Ordered

Nanowire**

H. Wang, X. Xu, N. M. Johnson, N. K. R. Dandala, and H.-F. Ji*

We report a highly conductive material for protons based on a
crystalline nanoassembly of trimesic acid and melamine
(TMA-M). The nanoassembly is prepared by evaporation of
water in TMA-M solutions. Because of the highly ordered
structure of the nanoassembly, the water-saturated proton
conductivity for the TMA-M nanoassembly is 5.5 Scm™!,
which is the highest proton-conductive material to date. This
exceptionally high conductivity and low-cost fabrication of
the material may make practical applications feasible for fuel
cell devices.

For over a century we have been able to directly convert
chemical energy into electrical power.! The fuel cells
responsible for this phenomenon have been shown to be a
highly promising, clean alternative to the traditional energy
sources in use today.””! Their use outside of niche applications,
however, has been held back by the lack of appropriate and
cost-effective materials, including those used for the transport
of protons. Much research has consequently been conducted
on this topic and has resulted in a wide variety of advanced
materials, from polymers to salts* all of which are
compared to Nafion, the industry standard in terms of costs
and conductivity. The conductivity of a bulk Nafion film is
0.1 Scm™!, and material costs for the ionomer are around
$100 per kilogram, ignoring the cost of processing the
membrane.”) A material with a higher conductivity and
lower overall associated costs could make the fuel cell
technology more competitive.

To be proton-conductive a material must have protons to
conduct and it must have a means to transport them. Much
research has been conducted on the addition of proton
carriers to existing materials, mainly by the addition of acidic
groups.*%”1 Recently, it has been discovered that ordered
nanostructures are capable of improving the proton transfer
of proton-conductive materials. This can work by providing a
more ordered pathway for existing proton transfer, such as
aligning ionomers in an electrospun polymer,®°! by improving
the mobility of proton carriers, such as incorporating imida-
zole into nanochannels'” or even by creating a structure
through which proton transfer can occur where none existed
before, such as introducing water to well-structured coordi-
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nation polymers.'! This can increase the conductivity by as
much as an order of magnitude,” illustrating the importance
of structure in facilitating conductivity. By combining these
two methods and creating a highly ordered structure which
includes available protons, such as those in acidic groups, it is
expected that materials with extremely high proton conduc-
tivities can be created.

Highly ordered supramolecular structures with protons
available for transfer can be readily created from self-
assembling organic molecules through hydrogen bonds and
other interactions."”>'¥ One example is a widely studied
system built from melamine (M) derivatives and various
organic acids,"*'” which are formed from hierarchical stack-
ing of 2D hydrogen-bonding networks. The low-cost materials
and the simple self-assembling processes are added advan-
tages in the applications of these supramolecular structures.

However, although the study of highly ordered self-
assembled structures has been fruitful and yielded a wide
variety of supramolecular systems,'®! these supramolecular
systems have been largely neglected in the field of fuel
cells,'” 2l which may be partially due to most of these systems
being molecular assemblies,” but not assemblies at nano-,
micro- or even larger scales. Here we report the formation of
crystalline nanowires of melamine with trimesic acid (TMA)
(Figure 1) by means of a common solvent evaporation
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Figure 1. Molecular structures of melamine and trimesic acid.

approach and their proton-conductive characteristics.
Proton conductivity greater than the highest reported value
for the industry standard of Nafion was observed in the
ordered nanowires of melamine and TMA. The high con-
ductivity combined with the use of inexpensive reagents and
an exceedingly simple synthetic process, makes this structure
promising as a future material for industrial fuel cells.

The nanowires of trimesic acid and melamine were
crystallized from water (see the Supporting Information).
Figure 2 shows scanning electron microscopy (SEM) images
of nanowires of melamine/TMA complexes. These wires have
a diameter of 100—400 nm and a length up to 30 pm. The
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Figure 2. SEM images of 1:1 trimesic acid/melamine.

diameter of the wires can grow to more than 10 pm if all the
solvent is evaporated. Once formed, these wires are very
stable in water. They do not disintegrate after being stored in
water for months.

Figure 3 shows the conductivity of a single TMA-M
nanowire in anhydrous and humid environments at 25°C.
The nanowire shows a semiconductive property in anhydrous
N, (Figure 3A) and an electrolyte conductive property (Fig-
ure 3B, linear /-V curve) at a relative humidity (RH) of
100% at 25°C. Furthermore, the conductivity increases 10°
times when the RH increases from 50% to 100%. These
results indicate that the conductivity originates from electron
transportation in anhydrous environment, and proton con-
duction dominates in high RH environment. The conductivity
change is reversible between low- and high-humidity environ-
ments and the process can last more than hundreds of
switches without significant signal deviation, suggesting that
the structure of the nanowires does not change with different
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Figure 3. a) |-V curve of a single TA-M nanowire measured in anhy-
drous nitrogen. The inset shows a SEM image of a single TMA-M
nanowire bridging two gold elecrodes. The Au electrodes were
deposited on both sides of the nanowire by thermal evaporation
through a photolithography process. b) I-V curve of a single TMA-M
nanowire measured at a relative humidity of 100% at 25°C. c¢) Humid-
ity-dependent proton conductivity (25°C) of a single TMA-M nanowire.
d) Arrhenius plot of the proton conductivity (o) of a single TMA-M
nanowire at a relative humidity of 100%. The single TMA-M nanowire
was placed between two gold electrodes for conductivity measure-
ments.
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RH values. The maximum conductivity of TMA-M nanowires
in 100% RH is 5.5 Scm™'. This conductivity shows that the
TMA-M nanowire is the most proton-conductive material to
date. Table 1 shows the conductivity at different temper-
atures. The temperature dependence of the proton conduc-

Table 1: Relationship between conductivity and temperature of a TMA-M
nanowire.

Temperature [°C] 30 40 50 60 70
Conductivity [Scm™] 5.51 6.90 11.0 12.3 18.9

tivity (Figure 3C) shows the Arrhenius plots of proton
conductivity of a TMA-M nanowire. The activation energy
(E,) of the TMA-M nanowire was found to be 0.12 eV, which
is the lowest E, in materials for proton conduction, including
the industry standard of Nafion (E, =0.22 eV). It is also lower
than E, for inorganic materials, such as H;PMo,,0429H,0O
(E,=0.15eV),” Sb,054H,0 (E,=0.17eV),? and p-
Aly3Mgy6601,(H;0), 46 (E,=0.17eV).”! 1t is close to the
0.11 eV of 1M HCI solution.

To understand the high proton-conductive property of the
TMA:‘M nanowires, we characterized the nanowires with
thermal analysis, transmission electron micrsocpy (TEM),
and X-ray crystal diffraction. The thermal properties of the
TMA-M nanowires are shown in Figure 4, with comparison to
that of TMA and melamine individually. The weight losses of
melamine and TMA occur at 250 and 300°C, respectively.
Three weight losses were observed in the thermalgravimetric
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Figure 4. Thermalgravimetric analysis of trimesic acid (-----), mela-
mine (ssess), and TMA-M (——) complex in 1:1 ratio.

analysis of TMA-M nanowires. The first weight loss occurs
near 100°C, which can be attributed to the release of water.
The weight loss of water is approximately 14.11 %, which
corresponds to three water molecules for each TMA (M,, =
210 gmol ') or melamine (M,, =126 gmol'). The remaining
two weight losses occur at 250 and 300°C, corresponding to
the stepwise loss of melamine and TMA, respectively. The
weight losses of melamine and TMA are 28.5 and 48.4%,
indicating that the molar ratio of melamine and TMA is 1:1.
The final ratio of TMA, melamine, and water in the nanowires
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is therefore 1:1:3, which is consistent with that obtained from
the TMA-M crystal reported by Zhang et al.”]

TEM images show that the nanowires of TMA-M have a
crystalline structure (Figure 5). The corresponding electron
diffraction pattern (Figure 5 inset) shows 3.63 Ad spacing in
the longitudinal nanowire direction, which suggests that the

Figure 5. TEM image and electron diffraction of a TMA-M wire.

molecules are oriented with their m—m stacking direction
parallel to the wire, as shown in Figure 6. X-ray diffraction
shows that the TMA-M nanowire is crystalline and the lattice
indices are a=6.93 A, b=11.27 A, and c=11.68 A, indicat-

Figure 6. Different views of the hydrogen-bonding network: Top) One
layer, two layers, and a brickwork-type arrangement of the molecular
structure of the nanowire. Bottom) Top and side view of a space-filling
model to show included water molecules and the stacking of layers
and two water channels. The water channels are parallel to the
direction of the nanowire.
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ing a triclinic structure of the microwires, which is the same as
those plate crystals obtained in organic-aqueous binary
solvents.”™ The TEM and crystal data shows that there are
highly ordered water channels inside the nanowires and the
direction of the channels is parallel to the direction of the
nanowire (Figure 6). In each channel, there are four water
molecules on one layer followed by two water molecules in
the next layer, and these layers alternate along the channel.
This is consistent with the 1:1:3 ratios discussed above. Each
water molecule is interconnected through hydrogen bonding
with two neighboring ones in different layers into helical
chains. Each channel contains a pair of 1:1 left- and right-
handed helices along the direction of the nanowires. Each
TMA molecule provides one free proton and hydrogen atoms
in the other two carboxylic acids are involved in hydrogen
bonding with water or melamine in the layer. Every two
adjacent layers are bridged through hydrogen bonding of
water-water, water-melamine, water-TMA, and J-type
aggregation. The layers have a brickwork type of arrange-
ment as shown in Figure 6. No hydrogen bonding of
melamine-melamine, TMA-TMA, and TMA-melamine
between two adjacent layers was observed.

The high proton conductivity could be attributed to highly
ordered helical water chains residing in the pores of the 1D
crystal structure,”! which can then efficiently transfer the
numerous available protons of the acid-base complex along
the axis of the nanowire. When the activation energy is in the
range of 0.1-0.4 eV, proton transfer can generally be attrib-
uted to the Grotthuss mechanism,?*?”! which describes proton
transport of excess protons through reforming hydrogen
bonds between H;O" ions and water molecules. The low
activation energy of the system (0.12eV) corresponds
approximately to the cleavage of a hydrogen bond, indicating
that proton transfer proceeds through a Grotthuss mecha-
nism. Similar ordered water chains can be seen in other
structures, and have been shown to allow for facile proton
conduction,***!

Distilled water was used in both nanowire preparation
and conductivity tests. Trace amount of acids will significantly
increase the conductivity. For instance, the conductivity of the
nanowire increased more than one order of magnitude when
the nanowire is exposed to 1M HCI vapor. The chemistry
related to this phenomenon will be further studied in the
future.

In summary, we have developed a crystalline TMA-M
nanowire that is highly proton conductive by crystallization
from water. The proton conductivity at room temperature is
5.5Scm™!, which is greater than known proton-conductive
materials. This high conductivity can be attributed to the
highly ordered water helix in the pores of the wire. The
extensive hydrogen bonding provides an excess of protons for
transport, which can then proceed along the axis of the wire
through the water helix via a Grotthuss hopping mechanism,
as indicated by the low activation energy of the system.

Currently, we are investigating approaches to tackle the
challenge of placing the nanocrystals in an ordered arrange-
ment between the cathode and the anode of fuel cells before
the nanowires can be practically used for fuel cell applica-
tions. Future work in this area also includes further improve-
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ment of the conductivity under low-humidity and high-
temperature conditions, which is critical for practical appli-
cations of automotive fuel cells,***! by growing the nanowires
in porous membranes or by using other aromatic carboxylic
acids or aromatic sulfonic acids to provide more free protons.
Growing nanowires in ordered, porous membranes, such as
anodized Al,O;, will not only secure the fast transportation of
protons in the anticipated direction between a cathode and an
anode, but also enhance the robustness of the nanowires.

Overall, this discovery may expand the search for highly
proton-conductive materials among the large and versatile
family of self-assembled supramolecular complexes, and the
facile and controllable synthesis method makes it competitive
for the creation of proton-conductive materials, which may
have wide applications.
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