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ABSTRACT: A polyvinyl alcohol anion exchange resin composite membrane, functionalized 

with Co and Cu ions, is reported for use in direct borohydride fuel cells. The CoCu-functionalized 

membrane has a 30.5 % lower fuel permeability than that of a blank membrane. Meanwhile, the 
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cell performance of the direct borohydride fuel cell can also be improved by employing the CoCu-

functionalized membrane, reaching a maximum power density of 304 mW⋅cm-2 at 60 °C. High-

resolution fluorescence images directly demonstrate the formation of Cu/Co core-shell structure 

micro-particles in the CoCu membrane, which not only reduces the Co content but increases the 

active surface area of Co species in CoCu-functionalized membrane, resulting in the improvement 

of cell performance. 

 

1. INTRODUCTION 

In recent decades, fuel cells have attracted extensive attention due to their high performance and 

low pollution in the electrochemical energy conversion process 1-4. Among the several types of 

fuel cells, direct borohydride fuel cells (DBFCs) have gained increasing development because of 

their potential advantages, such as high electromotive potential, high efficiency of energy 

conversion, and the possibility of using non-noble metal catalysts 5-8. However, the poor 

performance and the conduction-permeability dilemma within anion exchange membranes 

(AEMs) hinder the commercialization of DBFCs 9. 

It is well known that the alkaline system is more suitable for DBFCs than the acidic systems 10, 

11. AEM is a key component of DBFC and plays an important role in DBFC performance. Many 

researchers are engaged in developing new cost-effective AEMs with high conductivity and low 

fuel-permeability. A great number of AEMs for DBFCs based on poly (4, 4'-diphenylether-1, 3, 

4-oxadiazole) 12, cross-linked chitosan 13, 14, and polyvinyl alcohol 15-17 have been widely explored. 

Among them, polyvinyl alcohol (PVA) is a cost-effective non-toxic polymer with excellent 

membrane properties and an ideal matrix for AEMs. A PVA/hydroxyapatite composite membrane 

was synthesized and applied into a DBFC by Yang et al. 15, which achieved a maximum power 
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density of 45 mW cm-2. Huang et al. 16 investigated the alkali-doped PVA/carbon nanotubes 

(PVA/CNTs) electrolyte, which could be a cost-effective alternative for the commercial Nafion 

membrane in the DBFC. An anion exchange resin (AER)/PVA blend alkaline membrane was 

developed and applied into alkaline fuel cells such as direct urea fuel cell and direct ammonia fuel 

cell by Tao et al.18, 19. Moreover, some researchers tried to combine the excellent functionality of 

organics and the stability of inorganics by preparing various organic-inorganic composite AEMs. 

A poly (arylene ether sulfone)/nano-ZrO2 composite membrane with outstanding properties was 

fabricated by Li et al. 20. In addition, the power density of fuel cells could also be enhanced by 

using metal ions-introduced PVA membranes. For example, the power density of fuel cells 

effectively increases from 39 mW cm-2 to 87.8 mW cm-2 after the doping of Fe3O4 into the PVA 

membrane 21, 22. 

In our previous work, a CoOOH-functionalized PVA membrane has been successfully 

synthesized, which has shown an excellent performance (144 mW cm-2 at 30 °C) for application 

in DBFC 23. To further decrease the Co loading and increase the hydroxide conductivity, core-

shell Cu@Co additives are in-situ synthesized within the membrane in this work. During the 

preparation, half of the expensive CoSO4 was replaced by the relatively cheap CuCl2. Such core-

shell structure of Cu@Co is found to play an crucial role in improving the performance of DBFCs. 

 

2. EXPERIMENTAL  

The CoSO4-functionalized membrane was synthesized by mixing three commercial compounds 

(a commercial strong anion exchange resin (AER) (Amberlite IRA-402(OH)), hydroxide form, 

Alfa Aesar), CoSO4⋅7H2O (Alfa Aesar), and PVA (MW 57000-66000, Alfa Aesar) at a weight 

ratio of 125:4:250. Firstly, PVA was added to the CoSO4 solution. The mixture was then stirred at 
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95 °C for 2 hours to form a gel, after which the gel-solution mixture was cooled to 40 °C. Then 

the commercial AER was grounded into powder and added into the mixture to form the wet 

composite polymer gel. The synthesized polymer gel was then spread on a glass plate and dried 

naturally to form the CoSO4-functionalized membrane (hereafter labeled as Co-AEM). The core-

shell Cu@Co functionalized membrane (hereafter labeled as CoCu-AEM) was fabricated similarly 

but changing the weight ratio to 125:2:2:250 by replacing half portion of CoSO4 with CuCl2. For 

comparison, a blank membrane without CoSO4 and CuCl2 was similarly prepared and studied as 

well (blank AEM). The dried membranes were finally immersed into a 1 M KOH solution for 24 

h before being used as the electrolyte membranes in DBFCs.  

The fuel (borohydride ion) permeability of the membrane was tested in a side-by-side diffusion 

cell at 25 °C 9. Both sides were first filled with 50 mL 0.1 M NaOH solution, and then 0.1 M 

NaBH4 was added to the middle permeating chamber. The extent of borohydride ions transport 

through the membrane was determined by the concentration of borohydride in sampling solutions 

from the receiving compartment in certain time intervals, using the spectrophotometric method 

proposed by Werner et al. 24. The permeability (P) was calculated via the equation based on the 

slope of the BH4
- concentration against elapsed time 16: 

𝑃𝑃 = (slope) 𝐿𝐿𝐿𝐿
𝐶𝐶𝐶𝐶

                         (1) 

where L is the thickness of the membrane, V is the volume of the receiving compartment, C is 

the initial borohydride concentration in the source compartment, and A is the effective permeation 

area of the membrane. 

The single-cell performance was performed at a fuel flow rate of 10 mL⋅min-1 and a humidified 

O2 flow rate of 50 mL⋅min-1 under 0.2 MPa using a PFX-2011 battery tester (Kikusui Electronics 

Corp.). The tests were carried out at temperatures of 30 and 60 °C. An alkaline NaBH4 solution 
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containing 5 wt.% of NaBH4 and 10 wt.% of NaOH was used as the fuel. The cell configuration 

had an active area of 6 cm2, and the testing details could be found in reference 25. Polypyrrole-

modified carbon-supported cobalt hydroxide (Co(OH)2-PPy-BP) was used as the catalyst for both 

anode and cathode with a loading of 5 and 3 mg⋅cm-2, respectively. The preparation details of  

Co(OH)2-PPy-BP could be found in reference 25. 

The crystal structures of Co- and CoCu-AEMs were characterized by synchrotron radiation X-

ray diffraction (XRD) with incident X-ray energy of 20 keV, which was performed at BL15U1 of 

Shanghai Synchrotron Radiation Facility (SSRF). High-resolution mapping of Co and Cu 

distribution in CoCu-AEM and Co-AEM samples using nanoscale X-ray fluorescence imaging 

was conducted at Hard X-ray Nanoprobe Beamline (HXN) 26, 27 at National Synchrotron Light 

Source-II (NSLS-II) of the Brookhaven National Laboratory. The monochromatic X-rays at 10.4 

keV were focused to a spot size of ~50 nm × ~50 nm by using a Fresnel X-ray Zone plate. The X-

ray fluorescence imaging measurements (XRF) were conducted by collecting the emitted 

fluorescence X-rays using a three-element silicon drift detector (Vortex 3ME) while scanning the 

sample with a continuous fly-scan mode. Element distribution images were obtained by fitting the 

scanning fluorescence spectra using the X-ray fluorescence analysis software PyXRF 28. 

Ptychography imaging was conducted simultaneously with the X-ray fluorescence imaging 29, 

by collecting the far-field diffraction patterns. The data were analysed using an iterative phase-

retrieval algorithm to produce the morphological image of the sample. Fig. 1 shows the schematic 

diagram of the experimental layout of combined fluorescent and ptychographic imaging. 
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Figure 1. A schematic diagram of the experimental layout of combined fluorescent and 

ptychographic imaging. 

 

The obtained complex-valued image represents the sample transmittance functions with an 

achievable spatial resolution better than the focal size. The pixelated area detector with 55 µm 

pitches was placed at 0.5 m downstream of the specimen. A 96 × 96 pixel was cropped and fed 

into 100 iterations of ptychography reconstruction with the difference map algorithm 30. The pixel 

size of the reconstructed image is ~12.7 nm. The periodic artifact was partially removed by 

filtering the periodic satellite peaks in Fourier space 31. 

 

3. RESULTS 

The XRD patterns of Co-AEM and CoCu-AEMs are illustrated in Fig. 2(a). The diffraction 

reflections at approximately 11.4°, 19.4°, and 40.4° belong to the pure PVA crystalline phase 32, 

33. Similar to the reported Co-doped AEM 21, no crystalline phases relating to Co and Cu 
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compounds are formed in the membranes. To investigate the effect of Co and Cu additions on the 

permeability of AEMs, a comparative study was also carried out on blank AEMs fabricated with 

the same method. Based on the permeability test results in Fig. 2(b), the BH4̄ permeability of Co-

AEM and CoCu-AEMs obtained are 2.7 × 10−6 and 2.5 × 10−6 cm2·s−1, respectively. Comparing 

with the blank AEM (3.6 × 10−6 cm2·s−1), the permeability of the membranes doping with Co and 

CoCu decreased by 25% and 30.5%, respectively. It has been reported that the doping of Co ions 

into AEM could result in a reduction in BH4̄ permeability via reducing the diffusion coefficient of 

the membrane 23. Therefore, the decreasing BH4̄ permeability observed in this study could also be 

attributed to the additions of metal ions in the membrane. It is known that the doped Co ions can 

catalyze the hydrolysis of borohydride ions effectively. Some borohydride ions could hydrolyze 

when permeating the membrane, which decreases the BH4̄ ions across rate in the Co and CoCu-

AEMs, leading to the reduction of BH4̄ permeability. Due to the lower costs, less fuel diffusing, 

and lower unwelcome mixed over-potential on the cathode, the performance of DBFC would 

benefit from the use of CoCu-AEM.  

 

Figure 2. (a) XRD spectrum of the Co-AEM and CoCu-AEM, (b) the change of BH4̄ concentration with 

time, from which the permeabilities of Co-AEM and CoCu-AEM are calculated. 
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The cell voltages and power densities, measured at 30 and 60 °C, as a function of the current 

densities of the DBFCs with Co- and CoCu-AEMs are illustrated in Fig. 3(a-d). The operating 

voltages for both DBFCs decrease gradually with the increasing current densities, and the open-

circuit voltages of both two DBFCs are close to 1.1 V. The Pmax of the CoCu-AEM assembled 

DBFC reaches 190 mW·cm-2 at 30 oC and 304 mW·cm-2 at 60 oC, which are much higher than that 

of DBFC with Co-AEM (165 and 283 mW·cm-2). To best of our knowledge, the highest reported 

Pmax of DBFCs using NaOH-doped PVA membranes was 96 mW·cm-2 16. As shown in Fig. 3(c), 

the Pmax of DBFC using CoCu-AEM is higher than that using Co-AEM, unaffected by the 

operation temperatures (30 and 60 °C). It indicates that the doping of inactive Cu species to a 

certain extent can effectively and surprisingly enhance the DBFC performance. More efforts are 

needed to figure out the enhancing mechanisms of the doped Cu ions in CuCo-AEM. 
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Figure 3. The cell performance of DBFCs using Co-AEM (a) (c) and CoCu-AEM (b) (d) as electrolytes 

at 30 and 60 oC, respectively.  

 

Generally, the ORR catalytic activity of the Cu element is lower than the Co element, which 

means the Cu-AEM usually has a higher permeability than that of Co-AEM. Thus, it is interesting 

to find the co-doping of Co, and Cu ions further decrease the BH4̄ permeability of AEM by 5.5% 

comparing with Co-AEM. Meanwhile, the cell performance of the DBFC using co-doping AEM 

was also significantly increased, even though half of Co ions were replaced by the inactive Cu 

species. 

To elucidate the enhancing mechanisms of DBFC using co-doping AEM, X-ray fluorescence 

and ptychographic imaging were conducted simultaneously on Co-AEM and CoCu-AEMs. These 

two methods are complementary to each other. Elemental and morphological distributions are 

imaged, by each method. The fluorescence mapping of Co ions shows that the Co ions unevenly 

dispersed in the Co-AEM and formed the Co-enriched clusters (as indicated in Fig. 4(a)). Such 

Co-rich clusters are most likely caused by the strong magnetism of Co ions to the quaternary 

ammonium groups on the resins in the matrix. With the high resolution of the fluorescence 

mapping, obvious size differences can be seen in the Co-enriched clusters. The ptychographic 

reconstruction of the Co-AEM membrane shows the phase image (proportional to the electronic 

density) of the membrane as illustrated in Fig. 4(b). Fig. 4(c) shows the merged image of the 

fluorescence image of Co distribution and the ptychographic image of the membrane, which yields 

a clear visual representation of the Co ions distribution within the membrane. The merged image 

suggests that the Co-enriched clusters are preferred to gather on the surface of the membrane rather 

than distribute inside the membrane. However, the fluorescence mapping image merged with the 
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ptychographic image of CoCu-AEM shows a smooth surface with Co ions evenly distributed 

inside the membrane (as shown in Fig. 5). In strong contrast to Co-ions, fluorescence mapping 

results of Cu ions in CoCu-AEM show dispersed Cu particles with the size of 1-3 µm. The merged 

overlay image of Co and Cu elemental distributions clearly illustrates the core-shell structure of 

CoCu particles in the CoCu-AEM. 

 

Figure 4. Images of the Co-AEM from scan data collected at HXN beamline. (a) The X-ray fluorescence 

map of the distribution of the element Co in the membrane. (b) The phase image of membrane reconstructed 

via ptychography. (c) The fluorescence image of Co distribution merged on the ptychographic image.  
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Figure 5. The merged overlay fluorescence images of Co and Cu elemental distributions and 

ptychographic image. 

To confirm the structure of CoCu core-shell particles, fluorescence mapping of a single CoCu 

particle with a higher spatial resolution of 30 nm was performed. The high-resolution images of a 

single CoCu particle randomly selected from the Fig.5 are shown in Fig. 6(a) and 6(b). The 

distributions of Co and Cu elements around a CoCu-particle show that both ions have similar 

shapes. However, when images of Co and Cu-ions are merged, the Cu fluorescence signals were 

found localized in the center, while Co signals appeared near the outer region of the particle. In 

addition, a line profile of the Co and Cu concentration (in Fig. 6(d)) was extracted at the position 

marked by a dashed line in Fig. 6(c) to compare their concentration profiles The Cu-ion density 

displays a Gaussian-like profile, which is a reasonable approximation of a projected density of a 

sphere. This suggests that Cu ions are evenly distributed throughout the particle. Strongly different 

from Cu-profile, the Co-ions have a relatively flat-top profile, which means the distribution of Co-

ion is independent of the depth or bulky of the particle. In other words, the Co ions are only 

accumulated on the surface of the Cu-Co particle. Together with the merged XRF images, these 

observations demonstrated that the CoCu particle has a core-shell structure of Cu core and Co 
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shell. Moreover, according to the profiles of Co and Cu domains, the core-shell particle shows an 

approximate 100 nm Co shell around a 2 μm Cu core. To further confirm it, different areas of the 

membrane were searched, and similar distribution of Co and Cu within the area with several 

micrometers was observed. Thus, it can be confirmed that the CoCu micro-particle is composed 

of a Cu core and a Co shell, regardless of the particle size. 

 

Figure 6. High-resolution XRF images of (a) Co and (b) Cu domains in a single particle 

randomly selected from the Fig.5. (c) The merged overlay XRF image of Co and Cu to show the 

core-shell structure. (d) The intensity profile was obtained at a position marked by a dashed line 

in (d). 

This phenomenon is mainly related to the different binding modes of different cations with resin 

and PVA. According to previous studies, Cu ions tend to adsorb on the surface of alkaline resin 

powders, while the transition metal ions (such as Co ions) are easier to complex with PVA. It can 

be inferred that Cu ions are more easily hydrolysed and form a nuclear structure with the quaternary 

ammonium groups of the resin than Co ions. The complex formed by Co2+ and PVA is more stable 

and becomes a relatively dispersed shell structure. Due to the different properties of cations, the 

simple preparation process of such binary core-shell structure can be easily extended to prepare 

various high-performance AEMs. In our previous work 22, it has been demonstrated that the doping 



 13 

of catalytic Co ions into the membrane can reduce the crossover of borohydride, and thus improve 

the performance of DBFCs. However, in this study, although half of the active Co species were 

replaced by inactive Cu ions in CoCu-AEM, the DBFC using CoCu-AEM still possessed higher 

performance. It is highly possible the cell performance could be improved by increasing the active 

surface area of Co species in CoCu-AEM and the more hydroxide ions attracted by the Cu core 

around the resin. Thus, it can be confirmed that arranging Co ions to form thin shells on Cu cores 

would not only greatly reduce the Co loading, but also significantly enhance the performance of 

DBFCs. 

 

4. CONCLUSION 

In this work, a CoCu-AEM with Cu-Co core-shell structural additives was prepared for the 

different hydrolysis degrees of cations and was used as an effective electrolyte for DBFCs. 

Comparing with the Co-AEM, the BH4̄ permeability decreased while the cell performance 

employing CoCu-AEM was improved. The CoCu particles in the CoCu-AEM have a core-shell 

structure of Cu core and Co shell according to the high-resolution fluorescence results, owing to 

the different bonding energies of Co and Cu cations with PVA and resins. The increase of the 

active surface area of Co species and the accelerated OH- conduction is concluded as the 

mechanism for the enhanced properties of CoCu-AEM. 
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High-resolution fluorescence images directly demonstrate the formation of Cu/Co core-shell 

structure micro-particles in the CoCu membrane, which not only reduces the Co content but 

increases the active surface area of Co species in CoCu-functionalized membrane, resulting in 

the improvement of cell performance. 

 


