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Abstract:

Nano-additive aggregation, limited performance, and unclear modification
mechanisms are the main obstacles in developing nanocomposite anion exchange
membranes (AEMS). In this work, for the first time, an effective and highly stable
Poly(vinyl alcohol) (PVA)-based AEMs with dispersive Cu(OH)2 nanoclusters
(Cu-AEMs) are prepared by a simple and eco-friendly three-step method: ‘CuCl2
doping-casting-KOH immersing’. The doped Cu?* ions chemically combine with OH"
ions to form anionic conductive Cu(OH)2 nanoclusters intermediated by attaching
resins. The PVA skeletons wrap around Cu(OH)2 while the hydroxy! groups are
exposed to bulk water, forming Cu(OH)2-PVA complex, which avoids nano-additive
aggregation, increases anionic channels, and strengthens additive-matrix connection.
A direct borohydride fuel cell using Cu-AEM with 0.56 wt. % CuCl2 possesses the
highest power density of 403.3 mW-cm at 60 °C and a life span of over 200 h. The
high-performance and durability come from the unique structure of Cu(OH)2
nanoclusters-PVA complex. “Vehicle’ theory is considered to be the dominant

mechanism for enhancing such nanocomposite Cu-AEMs. This work demonstrates a
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new concept for preparing the stable AEMs toward high-performance fuel cells. The

synthetic chemistry involved can be broadly extended for fabricating versatile AEMs.

Key-words: Direct borohydride fuel cells; Anion exchange membranes;

Nanocomposites; Poly(vinyl alcohol); Copper hydroxide

1. Introduction

Direct borohydride fuel cell (DBFC) is a promising future power source for its
low operating temperature, convenient transportation, and possible use of nonprecious
metals catalysts [1-5]. Anion exchange membrane (AEM) with separating and
conducting functions is a key component of DBFCs [6]. Recently, the rapidly
enhanced anionic conductivity of AEMs, which even exceeds that of proton exchange
membranes, is attracting more attention [5-8]. The state-of-art AEMs are mainly
obtained through chemical modifications on quaternary ammonium type electrolytes
and have some key issues such as water management, chemical instability, and high
cost [9-11]. Nanocomposites that take advantage of the large specific surface area of
nano-materials and combine the properties of organics and inorganics show excellent
potential in solving these problems in the last decade [6, 10, 11]. For instance, the
poly(arylene ether sulfone)/nano-ZrO2 AEM used in alkaline fuel cells (FCs) exhibits
improved water uptake, hydroxide conductivity, and stability [12, 13]. But there are
still some uncovered issues in nanocomposite AEMs comparing with commercial
AEMs, e.g., nanofiller aggregation, weak additive-polymer connection, and limited
properties [9, 14-17]. The aggregation behavior of nano-additives is related to the type,
size, shape, and concentration of additive, the pH value of solvent, and the preparation
[18-23]. The nano-additives, including modified carbon nano-materials,
graphene-based nanomaterials, and metal oxides, have been introduced into AEMs by
traditional sol-gel and alkali soaking method [13-15, 24-26]. The in-situ interfacial
synthesis method is proposed recently to relieve the aggregation of nano-additives, in
which nano-additives are synthesized by the phase transformation of precursors with
specific solvent and assistants [13-15, 24]. Some assistants are also used to strengthen
the additive-polymer connection in composites [27]. Great prospects can be expected
if more high-performance and stable nanocomposite AEMs can be prepared without
any assistance [14-17, 21]. Although the good compatibility with the alkaline
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environment, only a few metal hydroxides such as nanosized Mg(OH)2 are added into
AEMs through a sol-gel method [28]. PVA-based CoO(OH) composite AEMs with
low permeability and high-performance have been prepared by adding CoO(OH)
catalysts in membranes to accelerate the decomposition of permeated fuel [29]. After
extensive research, we found that Cu?* ions in the PVA gel at pH > 6 will transform to
dispersive Cu(OH)2 nanoclusters by reacting with free OH" in water, which is similar
to the in-situ synthesis process [30, 31]. Nano-sized Cu(OH)z2 is an assembly of
insoluble clusters (flowers) that have exhibited significant applying potential as
photo-catalyst and supercapacitor materials in alkaline media [32, 33]. PVA is a
water-soluble polymer and a strong candidate for anion exchange applications with
good charge storage capacity, good ionic conductivity, and low cost [34]. Cu(OH)2
has the potential of modifying PVA-based AEMs. On the one hand, Cu(OH)2 can
adsorb OH- ions and transform to [Cu(OH)4]* in lye, which indicates its potential as
the anionic conductors [35]. On the other hand, hydrophobic interactions make
Cu(OH)2 particles soluble in aqueous polyhydric alcohols (such as PVA) [36, 37].
The hydrophobic PVA skeletons encapsulate the Cu(OH)2 to form core-shell complex
while the hydrophilic hydroxyl groups on PVA chains orient toward the bulk water,
resulting in separate hydrophobic and hydrophilic domains [36, 38]. Besides, the
modification mechanisms of advanced nanocomposite AEMs are still unclear [39, 40].
Some studies believe the reduced permeation or the increased electron-carriers is the
key, while others believe the enhanced ratio of conductivity to permeability is the
reason for the improved performance of nanocomposites [7, 8, 40].

Herein, we achieved the in-situ synthesis of dispersive Cu(OH)2 nanoclusters in
the PVA matrix through a simple and green “CuCl2 doping-casting-KOH immersing”
method. What we developed not only avoids the aggregation of nano-additives but
also increases the number and size of anionic channels. The dominant enhanced

mechanism of such nanocomposite AEMs is systemically investigated.

2. Experimental
2.1. Materials

Polyvinyl alcohol (PVA, MW 57000-66000), anion exchange resin (AER,
Amberlite IRA-402, hydroxide form), CuClz-6H20, KOH, and NaOH for membranes
preparation were supplied by Alfa Aesar. The AER with positive charged quaternary



ammonium groups can be applied as anion conductor in energy devices. The AER

was ground with an agate mortar and sifted by a 200 mesh sieve before use.

2.2. Preparation of the membranes

The nanocomposite AEMs were prepared from CuClz2:6H20, AER, and PVA
(denotes as Cu-AEMs in the following). The mass fractions of CuClz-6H20 in AEMs
were set as 0, 0.14, 0.56, 1, and 1.4 wt. %, respectively. For instance, adding 0.14g
CuCl2-6H20 into the gel with 33.29 g AER, 66.57 g PVA, and 466 mL de-ionized
water to prepare Cu-AEMs with 0.14 wt. % CuCl2-6H20.

The preparation of Cu-AEMs can be divided into the following three steps:

I.  Adding certain content of CuCl2-6H20 into PVA aqueous to get gel A.

I1. Adding AER into CuClz-PVA gel (gel B), casting and drying of the gel B.

I11. Immersing CuCl2-PVA-AER AEMs into 1 M KOH for 24 h.

A flow chart of the Cu-AEMs preparation process with three steps is provided in
supplementary as Fig. S1. In step I, CuCl2 and PVA were stirred and dissolved in
de-ionized water at 95°C for 2 h to get a series of CuCl2-PVA gels (gel A). The gel A
was still stood at 50 °C for 15 min to avoid the activity decline of AER and to remove
bubbles. Then in step 11, the gel A was mixed thoroughly with prepared AER powder
to get gel B. The wet gel B was cast on a glass plate and dried naturally at room
temperature for 48h to form PVA-AER membranes impregnated with Cu?* ions
(Cu-AEMs). The thickness of gel B on the plate was controlled at 1 mm, and the
thickness of dry Cu-AEMs was ~ 200 um. In step 111, Cu-AEMs were immersed in 1
M KOH solution for 24 h before being used in DBFCs (denoting as blank Cu-AEM,
0.14%Cu-AEM, 0.56%Cu-AEM, 1%Cu-AEM, and 1.4%Cu-AEM in the following
text). The thickness of dry Cu-AEMs can be adjusted base on needs from 50 to 500
um by controlling the thickness of wet gel B. The Cu-AEMs used in cell performance

tests and lifetime tests were ~120 um (wet AEMs are ~150 um) in thickness.

2.3. The chemical changes in Cu-AEMs

The photographs of reactions between CuClz, PVA, and AER were taken to
illustrate the chemical changes during the preparation. Furthermore, maping of Cu
elemental distribution was carried out to clearly show the changing process of

additive. High resolution mapping of Cu distribution in in Cu-AEMs samples, via

4


javascript:void(0);
javascript:void(0);

nanoscale X-ray fluorescence imaging, was conducted at the Hard X-ray Nanoprobe
(HXN) Beamline at National Synchrotron Light Source 11 (NSLS-11) of the
Brookhaven National Laboratory. The monochromatic X-rays at 9 keV were focused
using a Fresnel X-ray zoneplate to produce an 80 nm x 80 nm spot. The fluorescence
imaging measurements were conducted by scanning the sample with a continuous
fly-scan mode and by collecting the emitted fluorescence X-rays using a
three-element silicon drift detector (Vortex 3ME). Element distribution images were
obtained by fitting the scanning fluorescence spectra using an X-ray fluorescence

analysis software PyXRF.

2.4. Membrane characterizations

Differential scanning calorimetry-thermogravimetric analysis (DSC-TGA) was
carried out on SDT Q600 to detect the thermal stability of Cu-AEMs. The
measurements were conducted by heating samples from 30 to 600 °C at a rate of 5
°C-min’t in flowing nitrogen at a rate of 120 mL-min. The crystal structure of
Cu-AEMs was carried on a Philips X’ PERT-PRO X-ray diffractometer. The valence
of the copper element was identified by the X-ray absorption near edge structure
(XANES) measured in BL15U1 at the Shanghai Synchrotron Radiation Facility
(SSRF). To get the swelling ratios (SR), the dimensions of dry Cu-AEMs were
measured at first (denotes as Ldry). Then Cu-AEMSs were immersed in de-ionized
water at 25 °C for 48 h and wiped with lens paper. The dimensions of immersed
Cu-AEMs were determined again as Lwet. The SR was calculated by equation (1) [41]:

SR= (Lwet —Ladry)/Lary 1)

The size of ionic channels in wet Cu-AEMs was measured by an Xsnocs small
angle X-ray scattering system (SAXS) operating at 50 kV and 0.6 mA for 1200 s. The
radiation used in SAXS test was 0.15148 nm, and the working distance was 185 mm.

2.5. Hydroxide conductivity

The anionic conductivity tests were measured at 25 °C under 100% humidity
using an electrochemical station (Gamry interface 1000, USA). The resistances of
AEMs were measured through a two-probe AC-impedance test with a frequency
range of 1 MHz to 1 Hz at a bias of 5 mV. To get the real anionic conductivity,

Cu-AEMs were assembled into cells with carbon papers as electrodes and fuel of
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DBFCs as a testing solution. The conductivity (o) was calculated by equation (2)
[42]:

o=1/RA (2)
where t is the membrane thickness, A is the active area of the membrane, and R is the
resistance of the membrane measured by a.c. impedance.

Since the anionic conductivity of Cu-AEM includes the conduction of Cu?*,
OH-, and electrons, the hydroxide conductivity should be the difference between
anionic conductivity and conductivities of Cu?* and electrons. The resistances of
Cu-AEM in a cell using Cu foil as electrodes were also measured to reflect the

conductivity of Cu?" ions and electrons.

2.6. Fuel permeability

Fuel permeabilities of Cu-AEMs under the electric field were measured using a
three-chamber device with a permeating chamber and two receiving chambers. There
were 3 cm x 4 cm openings covering with silver meshes at one side of receiving
chambers and both sides of the permeating chamber. The Cu-AEMs were clamped by
the receiving chamber and permeating chamber, and the whole device was sealed by
O-rings. Before the test, a voltage was applied to the silver meshes to simulate the
internal electric field in real cells.

The permeability test is based on the sensitivity of the nicotinamide adenine
dinucleotide-tris (hydroxymethyl) aminomethane buffer solution (NAD-tris) to BH4
ions. The concentration of BH4™ ions in the receiving chamber was calculated by the
absorbance of a liquid sample and the Abs-BHa4™ concentration standard curve via a
UV-Vis spectrophotometer (Agilent Cary 5000). The change rate of BH4
concentration in the receiving chamber with time was used as an evaluation index of
the fuel permeability. The permeabilities of Cu-AEMs were calculated according to

the following equation [43]:
v
P = (slope) — 3
(slope) S 3)

where the slope is the slope of the concentration-time line, V is the volume of liquid in
each receiving chamber, C was the initial BH4™ concentration in permeating chamber,
and S was the opening area for BH4™ permeating. More detailed procedures and device
illustrations of the permeability tests have been published in previous work [44].



2.7. Fuel cell performance

The cell performance of DBFCs using Cu-AEMSs was evaluated at 30 °C and
60 °C, respectively, by a PFX-2011 battery test system (Kikusui Electronics Corp).
The humidified Oz with a flow rate of 100 mL-min~* was fed into the cathode under a
pressure of 0.2 MPa. An alkaline NaBHa solution (containing 5 wt. % NaBHas and 10
wt. % NaOH) was fed into cells as fuel with a flow rate of 10 mL-min~*. The cell
using Cu-AEMs had a working area of 6 cm? and employed polypyrrole modified
carbon-supported cobalt hydroxide (Co(OH)2-PPy-BP) as the catalysts for both anode
and cathode. The preparation of Co(OH)2-PPy-BP is described in the previous report
[43]. The lifetime of a DBFC using 0.56%Cu-AEM was tested to evaluate the
stability of Cu-AEMSs. The cell was discharged at 30 °C with a current density of 50
mA-cm?, and its voltage was recorded every hour. The working area, O2 pressure,
fuel flow rate, catalysts, and other parameters of lifetime tests were the same as those
of cell performance tests.

3. Results and discussion
3.1. The interactions among the components

In Fig. 1a-b, CuCl2:6H20 and AER were dispersed in DI water, forming a
uniform solution and a suspension, respectively. Figure 1c shows a homogeneous gel
of CuCl2 and PVA. Figure 1d shows the obvious agglomerations that occurred in an
AER-PVA mixture with 2 wt. % CuCly, indicating that Cu?* ions prefer to adhere to
AER than to PVA and too many Cu?* ions will aggregate around AER. The cyan floc
in Fig. 1e is believed to be the self-assembly of Cu?* ions on the AER surface, which
is supported by previous work (Fig. 1g) [8]. Hybrid AERs doping with various
Cu-based salts have been applied in separation, purification, and ionic selection
[45-48]. Figure 1e-f are images of CuCl2-AER-PVA gels with a higher content of
Cu?* (5 times of 0.56%Cu-AEM) and lower content of PVA (20% of 0.56%Cu-AEM)
before and after alkali immersing. The blue colored complex in Fig. 1e transformed
into dark-colored precipitation after alkali immersing. The XRD patterns of Fig. 1h
corresponds to the naturally dried gels of Fig. 1e-f, which is used to elucidate the
composition of Cu element in Cu-AEMs. The diffraction peak at ~16.5, 33.5, and 40 °
are detected in CuCl2-PVA-AER gels and peaks at ~17, 24, 35, 40, and 53 ° appear



after alkali immersion. These peaks accurately match with those of Cu2CI(OH)3 and
Cu(OH)2 in JCPDS database (PDF #50-1559 and #13-0420), respectively. These
analyses indicate that Cu?* ions in Cu-AEMs exist in the form of hydroxide
throughout the whole preparation. The Cu?* ions in Cu-AEM s firstly convert to PVA
wrapped Cu(OH)2 complex in a neutral PVA gel by combining with free OH" ions in
water, which has been applied in preparing core-shell medicines and nano Cu [30, 31].
Then the Cu(OH)2-PVA complex chemically combine with OH" ions, forming

dispersive Cu(OH)2 nanoclusters.

(a) /’Q (b)
oe
CuClz-water AER-water

()

Cu-AEM gel-KOH
| Cu-AEM gel

| | l clu(c)H)2 PDF#1?—042[)
L
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! il [N
.

20 30 40 50 60
2 Theta (°)

Fig. 1. The reactions between different components: (a) CuCly-water, (b) AER-water, (c) 0.56
wt. % CuCl.-PVA, (d) 2%Cu-AER-PVA gel; digital photos of (e) CuCl,-AER-PVA gel with
500 % Cu?* and 20 % PVA comparing with 0.56%Cu-AEM, (f) KOH solution immersed
CuCl,-AER-PVA gel in (e), (g) the SEM image with EDS mapping on the cross-section of the
Cu?* doped resins in ref. [8], and (h) the XRD results of CuCl,-AER-PVA gel before and after
KOH immersing (corresponding to Fig. 1 e and f).

3.2. The Cu element distribution

The change of Cu element distribution in Cu-AEMSs during preparation was
studied using high spatial resolution X-ray fluorescence imaging. In Fig. 2a-b, the
micron-sized Cu enrichments form through the combination of Cu(OH)2-PVA
complex and AER (denoting as Cu(OH)2-AER particles). As CuClz increase from
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0.54 to 1.4 wt. %, the Cu(OH)2-AER particles enlarge and agglomerate. These
micro-sized Cu(OH)2-AER particles in Cu-AEMs transform into dispersive Cu(OH)2
nanoclusters after alkali immersing, as suggested in Fig. 2c-d. The background color

of Fig. 2dnoticeably changed, indicating the overwhelming of Cu(OH)2 nanoclusters
in 1.4%Cu-AEM.
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Fig. 2. The distribution of copper element in Cu-AEMs: (a) 0.56%Cu-AEM, (b) 1.4%Cu-AEM, (c)
KOH soaked 0.56%Cu-AEM, and (d) KOH soaked 1.4%Cu-AEM.

3.3. The microstructural changes in Cu-AEMs

The schematic microstructures of Cu-AEMs are vividly shown in Fig. 3a-c and
the number and size of Cu(OH)2-AER particles increase with the increase of Cu?*.
In blank Cu-AEM (Fig. 3a), PVA chains interweave into a membrane, and AER
powders imbed into the gap among PVA chains. In 0.56%Cu-AEM (Fig. 3b), the
Cu(OH)2-PVA complex adheres to AER, forming micro-sized particles. The
Cu(OH)2-AER particles aggregated and interrupted the polymers’ interweaving in
1.4%Cu-AEM (Fig. 3c).
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Fig. 3. The schematic diagrams of microstructures of (a) blank Cu-AEM, (b) 0.56%Cu-AEM, and
(c) 1.4%Cu-AEM; (d) the chemical and positional changes of Cu?* in Cu-AEMs during

preparation.

The preparation of Cu-AEMs has three steps: I, adding Cu?* into PVA gel; 11,
adding AER into Cu?*-PVA gel, casting and drying; 111, KOH immersing. The
chemical and positional changes of Cu?* in Cu-AEMs during preparation are shown in
Fig. 3d. In step I, different contents of CuCl: are added into PVA gels. As mentioned
earlier, the Cu?" in a neutral PVA gel will transform to Cu(OH)2-PVA complex. The
hydroxyl groups on the PVA chains oriented toward bulk water while the
hydrophobic skeletons encapsulate the Cu(OH): particles, making the Cu(OH)2-PVA
complex soluble [36, 38]. In step Il, the soluble Cu(OH)2-PVA complex attaches to
the surface of AER, forming Cu(OH)2-AER core-shell particles. In step 111, dry
Cu-AEMs are immersed into 1 M KOH, and the Cu(OH)2-PVA complex detaches
from AER and converts into dispersive Cu(OH)2 nanoclusters. The agglomeration of
nanofillers is a challenging topic in nanocomposites [22, 49]. The in-situ synthesis
method is a novel way to avoid the agglomeration of nanofillers by the phase
transition from soluble precursors to dispersive nanofillers in certain conditions [50,
51]. During the preparation of Cu-AEMSs, three major components in Cu-AEMs (i.e.
PVA, AER, and OH" ions) combine with Cu?* in turn, because their binding forces
with Cu?* are stronger one by one. The different binding energies between the three
components and Cu?* is the underlying reason for the in-situ synthesis of Cu(OH)
nanoclusters. The phase transition from Cu(OH)2-AER particles to dispersive
Cu(OH)2 nanoclusters achieves in-situ nano-additive synthesis in a simple and green

way. The stronger connection between PVA and Cu(OH)2 nanoclusters is also
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beneficial to the stability of Cu-AEMs [22]. Besides, the surface of Cu(OH):
nanoclusters is capable of absorbing OH-, which increases anionic channels and
improves the properties of AEMs [35].

3.4. Membrane properties

As shown in Fig. 4a, all the tested Cu-AEMs have three stages of weight loss in
TGA tests. Stage | corresponds to the removal of free water inside of membranes.
Stages Il and 111 correspond to the breaking down of PVA chains and the
decomposition of amino groups, respectively [52, 53]. The quantified weight losses of
each stage are presented in Fig. 4b. The CuCl2 modified AEMs has less weight loss in
stages Il, 111, and higher residual weight than the blank AEM.

The enthalpy values in Fig. 4d were calculated by the areas of DSC peaks at
~230 and 420 °C in Fig. 4c to evaluate the crystallinities of Cu-AEMs. The measured
enthalpy at peak 1 of the blank Cu-AEM (331.61 mJ-g?) is higher than that of other
Cu-AEMs (~280 mJ-g1), showing the crystallinity decrease of Cu(OH)2

nanocomposites [54].

(a) (b)
100 bag g —— Blank Cu-AEM B Elank Cu-AEM
——0.56%Cu-AEM T 40} B 0.56%Cu-AEM
—— 1.4%Cu-AEM < I 1.4%Cu-AEM
80+ o
) T 30
£ 60} E
= S
3 40} g 20r
-
20} © 10
........... =
0 : ' : ' 0
0 150 300 450 600 750 I 1 M Residual
Temperature (°C) Stages
(c) F (d) 0.35
05+ Blank Cu-AEM —o—Peak 1
L —— 0.56%Cu-AEM —a— Peak 2
~-10} — 1.4%Cu-AEM —~ 030}
.m | g', o
S -15¢ e
2 3 @ 025= o
2 20t < 006
w I = 0.04 .\-\\.
= .
30k 0.02+
B n 1 I 000 I L N L i I L N
0 200 400 600 800 0.0 0.3 06 0.9 1.2 1.5
Temperature (°C) Mass fraction of CuCl, (%)

Fig. 4. (a) The TGA results of Cu-AEMs and (b) quantified weight losses of decomposition stages
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in TGA results; (c) DSC results of Cu-AEMs and (d) the enthalpies of exothermic peaks in DSC

results.

The XRD spectra of Cu-AEM s are presented in Fig. 5a. Two diffraction peaks at
19.5 and 40.1 ° are the crystalline peaks of crystalline phase PVA, and no other peak
is observed due to the large amount of PVA in Cu-AEMs [55]. Therefore, we tested
the XRD spectra of dried CuCl2-PVA-AER gels with less PVA and more CuClz to
confirm the existence of Cu(OH)z nanoclusters (Fig. 2). The similarity between Cu
K-edge XANES results of 1.4%Cu-AEM and Cu(OH): in Fig. 5b confirms? that the
valence of Cu element in the synthesized Cu-AEMSs should be +2 [56]. As shown in
Fig. 5¢c, the swelling degree of Cu-AEMs firstly increase and then decrease as the
CuCl2 content increase from 0 to 0.56 and1.4 wt.%. The unexpected high SD results
from the better contact between hydroxyl groups on PVA chains and water molecules
in Cu(OH)2 nanocomposites. The SAXS results in Fig. 5d reflect the change of
anionic channels in Cu-AEMs. A distinct SAXS peak occurs at 11.8 nm™ in
1.4%Cu-AEM, indicating the enlargement of anionic channels [57]. The Cu(OH)2
nanoconductors, as well as the separating hydrophobic and hydroxyl regions in

Cu-AEMs, explain the expanding of anionic channels.

a b)=
(@ —— Blank Cu-AEM ( )35
—— 0.56%Cu-AEM £
—— 1.4%Cu-AEM 5
3 &
@ o
2 - &
g | S
- @
' E
o
1 L L Z - A - L " i 1
20 40 60 80 8950 9000 9050 9100
2 Theta (°) Energy (eV)
(¢c) 50 | (d)
. Blank Cu-AEM
45 l ——1.4% Cu-AEM

g ' S5

o 40 & l
[T . z
2 351 N2
= l B
[=
& 30f -

25L : : - - : : : : ;
0.0 0.3 0.6 0.9 1.2 1.5 3 6 9 12 15
Mass fraction of CuCl, The scattering vector/q (nm™)

Fig. 5. (a) The XRD results of Cu-AEMs, (b) the XANES spectra of 1.4%Cu-AEM and reported
12



Cu(OH); [56], (c) the swell degree of Cu-AEMs, (d) the SAXS results of blank Cu-AEM and
1.4%Cu-AEM.

3.5. Conductivity and permeability

The movable charged-species within Cu-AEMs include OH-, Cu?*, and electrons.
The resistances of FCs using Cu-AEMs as electrolytes and carbon papers or Cu foils
as electrodes were measured separately to get the hydroxide conductivity. As shown
in Fig. 6a, the Cu?* and electrons conductivity of 0.56%Cu-AEM (5.56x10° S-cm™)
is negligible compared to its total anionic conductivity (2.8x102 S-cm™), which
means most of the conducting anions in Cu-AEMs are OH" ions. The anionic
conductivity and permeability of Cu-AEMs exhibit similar trends that increase as the
CuCl2 content increase from 0 to 0.56 wt. % and decrease at 1.4 wt. %. It is because
both the fuel (BH4) and OH" in DBFCs can across AEMs freely. 0.56%Cu-AEM has
both the highest conductivity of 2.8x10? S-cm™ and the highest permeability of
2.94x10% st.cm?,

(2) 30 (b)
~ : < 30/ |
g2l L 3] J
&) - N o
% 24 - % % 27¢ emmme-
= p < I
=21, £ 24
= e —_ 1
[5} . o .
ERL: 5.
S 18} £ 21 l
3 s
15 L L L L L L 18 | L L L I
0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.3 0.6 0.9 1.2 1.5
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Fig. 6. The (a) anionic conductivity and (b) fuel (BH4") permeability of Cu-AEMs.

3.6. Fuel cell performance

The cell performance of DBFCs using Cu-AEMSs (Fig. 7) is a comprehensive
indicator to study the modification mechanisms of nanocomposites [58]. Figures 7a-e
are the cell voltage (U) and power density (P) of DBFCs using Cu-AEMs. All the
voltages decrease with the increase of discharging current density. The power
densities of DBFCs continuously increase with current density until reaching the
maximum voltage of ~ 0.5 V. The power densities of the DBFCs tested at 60 °C are

notably higher than those at 30 °C. The maximum power densities (Pmax) of DBFCs
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are summarized in Fig. 7f and the DBFC using 0.56%Cu-AEM achieves the highest
Pmax of 215.51 and 403.26 mW-cm at 30 °C and 60 °C, respectively.

The open cell voltages of DBFCs using Cu-AEMSs (red arrows in Fig. 7) are
unaffected, suggesting the amount of permeating BH4™ ions in Cu-AEMs is low
despite the high permeabilities. Electrochemical impedance spectroscopy (EIS) was
also used to evaluate the resistances of ions transfer through Cu-AEMSs and interfaces
(including the diffusion boundary layer and the electrical double layer) [59-61]. As
shown in Fig. S2, the Rohm, Ra, and Rc of DBFC using 0.56%Cu-AEM is lower than
the DBFCs using other Cu-AEMs. Since the EIS results mainly reflect the conducting
ability of AEMs, the lower resistances of 0.56%Cu-AEM prove that anionic

conductivity is a decisive factor in the performance of nanocomposites.
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Fig. 7. The cell performance of DBFCs using (a) blank Cu-AEM, (b) 0.14%Cu-AEM, (c)
0.56%Cu-AEM, (d) 1%Cu-AEM, and (e) 1.4 %Cu-AEM; (f) the Pmax of DBFCs using Cu-AEMSs
with different content of CuCly; (g) the lifetime test of a DBFC using 0.56%Cu-AEM at 30 °C

with a current density of 50 mA-cm™.

Excellent stability is a prerequisite for the development of the fuel cell industry
[6]. Therefore, the usually used additives in electrolytes are stable materials such as
silicon dioxide, titanium dioxide, etc. [13-15]. The lifetime test of the DBFC using
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0.56%Cu-AEM was carried out to evaluate the stability of Cu-AEMSs. As shown in
Fig. 7f, the cell has been discharged at 30 °C for over 200 h with a current density of
50 mA-cm™*. The final voltage of the cell is 0.70 V, and the degradation rate is as low
as ~0.07% per hour. These results demonstrate that the Cu-AEMs possess both
excellent electrochemical properties and stability. The protection of hydrophobic

skeletons to Cu(OH)2 nanoclusters explains the unexpected durability of Cu-AEMs.
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Fig. 8. The Pmax of recent DBFCs, DMFCs, DAFCs, and AEMFCs using composite AEMs.
Note: DAFCs: direct alcohol fuel cells; DMFCs: direct methanol fuel cells;
AEMFCs: anion exchange membrane hydrogen-oxygen fuel cells

Table 1. The testing conditions of published similar fuel cells with composite AEMs in Fig. 8.

o Catalysts
Additives Pmax
Membranes Cells C: Cathode catalyst  Ref.
(wt. %) (mW-cm?)
A: Anode catalyst
PVA/FeCNT DMFC 0.15 87.8(60°C) / [27]
PVA/CNT DMFC 0.05 68.1 (60°C) / [62]

) C: 6 mg-cm™ PtRu/C;
QPVA/Qchitosan  DAFC 10 73 (60 °C) [17]
A: 5 mg-em? Pt/C

PVA/graphene DMFC 0.7 45.8 (60°C) 5 mg-cm™ 30% Pt [63]
) ) C:0.5mgcm?;
Nafion/analcime DMFC 5 10.75 [64]
A: 2 mg cm? Pt-Ru/C

SPEEK/strontium

) o DMFC 3 140 (80°C) / [65]
zirconite/TiO»
PFSO,NH-OH/ 197.2 (80
AEMFC 1 IGNRs/Pt [66]
IGNRS °C)
PVA/HAP DBFC 10 45 / [67]
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PVA/CoCl, DBFC 056 283 (609@)g-cm™ Co-PPy [29]

403.3 (60 This
PVA/CuCl; DBFC 0.56 5 mg-cm Co-PPy

°C) work
AEM (Asahi C: 1 mg-em™ Pt; A:

) 68.96 (25
Kasei DBFC / ) 10 mg cm [68]
Corporation) Composites
AEM Solvay
DBFC / 200 (25°C) 1.3 mg-em 2Pt [68]

(Morgane® ADP)

The Pmax of the DBFC and the additive content of Cu-AEMs are compared with
that of similar published fuel cell systems in Fig. 8. The testing condition of all the
fuel cell systems in Fig. 8 are summarized in Table 1. As shown in Fig. 8, the DBFC
employing 0.56%Cu-AEM has both a relatively low content of additive and high cell
performance. Improving performance significantly with the lowest additive is the
everlasting pursuit of nanocomposite researchers. Despite the published CuO
nanocomposite, this is the first time that Cu(OH): is used to prepare high-performance
and stable nanocomposite AEMs [47, 48]. The preparation of simple and eco-friendly
Cu(OH)2 nanocomposites is different from the normal ‘blending’ and can be used to

prepare a series of nanocomposites.

3.7. The dominant mechanism of the enhanced Cu-AEMs

There have been many inconsistent views on the functioning mechanism of the
nano-additives in nanocomposites. Some studies suggest that the nano-additives
hinder the penetration of fuel or accelerated anionic conduction and then improve the
properties [69]. Others believe the ratio of conductivity to permeability is the key to
the high-performance of nanocomposite AEMs [7, 8, 40]. Since both the fuel and
hydroxide ions are anions, the dilemma of conductivity and permeability in DBFCs
seems more challenging to resolve. “Hopping” and “vehicle” are two classic theories
of ionic conduction in electrolytes, in which ions are hopping along with conductive
sites and flowing with solvent, respectively [70, 71]. In this work, the large surface
area of dispersive Cu(OH)2 nanoclusters in 0.56%Cu-AEM is beneficial for anionic
conducting to “hopping” through [40]. Besides, the nanogaps between PVA and
Cu(OH)2 nanoclusters and the outwarded hydroxyl group chains around Cu(OH)z2 help

expand anionic channels, making the conduction of anions through “vehicle” theory
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easier [39, 71, 72]. The decrease of crystallinities and the enlargement of anionic
channels in AEMs with Cu(OH)2 nanoclusters are confirmed by the DSC and SAXS
results, respectively. Besides, the higher permeability of 0.56%Cu-AEM than blank
Cu-AEM results from the accelerated “flowing” instead of “hopping” of BHa4", since
the Cu(OH)2 nanoclusters prefer to conduct OH" rather than BH4". The change trends
of swell degree, anionic conductivity, and permeability of Cu-AEMs are very similar
to each other, reflecting the leading role of “vehicle” theory in the nano-additive
modified AEMs for DBFCs.

The 0.56%Cu-AEM has both the highest permeability and performance, since
the electric field influence both the movement of OH and BH4™ [44]. A schematic
diagram of an operating DBFC with the directions of fuel permeation (P, red arrow),
hydroxide conduction (C, blue arrow), and electric field inside the cell (E, black arrow)
is shown in the supplementary as Fig. S3. The OH" conduction from cathode to anode
is accelerated while the permeation of the BH4™ from anode to cathode is hindered by
the electric field inside the cell. For OH, the electric field promotes both the
conduction through “hopping” and “vehicle” mechanisms. For BH4', the electric field
is a big obstacle for flowing BH4™ but has little impact on BH4™ around conducting
sites. The fuel permeation in DBFCs using Cu-AEMs is not very heavy despite its
high value. It reflects the importance of anionic conductivity and “vehicle” theory in
the improvement of AEMs. Similar results have been published in anionic conduction
modeling, which suggests that OH" are surrounded with two-layer water shells, and
the more water content a cell contained, the better mobility the hydroxide ion

performed [72].

4. Conclusions

The PVA-based Cu(OH)2 nanocomposite AEMs with excellent performance and
stability were prepared by a doping-casting-immersing three-step method for the first
time. The chelation property of Cu?* in the PVA matrix and different bonding strength
between Cu?* and other components (i.e., PVA, AER, and OH") resulted in the even
distribution of Cu(OH)2 nanoclusters in Cu-AEMSs. The anionic conductivity, fuel
permeability, impedances, and cell performance of Cu-AEMs increased when CuCl2
content increased from 0 to 0.56 wt. % but declines at 1.4 wt. %. Different from

conventional composites, the swelling degree of Cu-AEMs increased for the separate

17



hydrophilic and hydrophobic regions in membranes. The improved anionic
conductivities result from the unique Cu(OH)2-PVA complex, which enlarges and
increases anionic channels in Cu-AEMs. The DBFC employing 0.56%Cu-AEM
reached a maximum power density of 403.3 mW-cm (60 °C) and had a duration of
over 200 h. The electric field inside the cell hinders the penetration of fuel and
accelerates the conduction of OH". The stable Cu(OH)2 -PVA complex is beneficial to
extend the duration of Cu-AEMs. “Vehicle’ theory and resulting good anionic
conduction are dominant mechanisms of high-performance nanocomposite AEMs for
DBFCs. The synthetic chemistry involved in Cu-AEMs could extend for fabricating
versatile AEMs with low price, simple preparation, excellent performance, and
durability by simply doping Fe**, Ni*, Cr3*, etc. into alcoholic polymers.
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