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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� All-solid-state passive DMFCs are 
designed and made. 
� Solid methanol fuels are prepared by 

using several absorbent materials. 
� CO2 bubbles disappear on the anode 

side of all-solid-state passive DMFCs. 
� All-solid-state passive DMFCs show a 

great orientation stability. 
� Solid methanol fuels improve the 

discharge performance of passive 
DMFCs.  
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A B S T R A C T   

Passive direct methanol fuel cell (DMFC) is considered as a promising power source due to its high theory energy 
density. However, fuel, as the only non-solid part of the passive DMFC, has some disadvantages. Hence, we 
develop all-solid-state passive DMFCs based on solid methanol fuels. Solid methanol fuels prepared by combing 
methanol solution and absorbent material, different from liquid fuels and gaseous fuels, are employed as fuels on 
the anode side of passive DMFC. All-solid-state passive DMFC shows a great orientation stability. The average 
Pmax (maximum power density) of the cell at five orientations is 17.2 mW cm� 2 with a standard deviation of 1.42 
� 10� 4. Even when the anode is facing downward, Pmax is only 1.4% lower than that of the cell with the anode 
facing up. The all-solid-state passive DMFC also reaches a power density of 20.5 mW cm� 2, which is 30.8% 
higher than that of the traditional liquid-feed passive DMFC. Besides, using the same weight of fuel, the discharge 
energy of all-solid-state passive DMFC is 88% higher than that of liquid-feed passive DMFC. Because of non- 
flowing properties of solid methanol, all-solid-state passive DMFCs avoid liquid leakage in the cells, which is 
safer and more portable.   
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1. Introduction 

Fuel cells are energy conversion devices which are capable of con-
verting the chemical energy of fuels directly into electric energy via 
electrochemical reactions. As a type of fuel cells, the direct methanol 
fuel cell (DMFC) employs pure methanol or methanol aqueous solutions 
as fuel directly which are easy to store and transport [1,2]. Methanol 
exhibits high energy density (4820 Wh L� 1), which is available from 
biomass sources [3–6]. Because of high theoretical energy density, high 
efficiency, simple structure and ease of operation, the DMFC has 
emerged as an attractive candidate for powering portable devices and 
automobiles [2,7–10]. DMFCs can be divided into active and passive fuel 
cells according to the different modes of fuel and oxidant supply. In 
active DMFCs, pumps are usually used to deliver methanol solution, 
while compressors or blowers are usually used to supply air or pure 
oxygen [11–13]. However, the active fuel cell system increases total 
manufacturing cost and consumes additional electricity power gener-
ated by the fuel cell, which finally reduces the net power output and 
efficiency of the active DMFC system significantly [14]. In contrast, 
passive DMFCs can operate stand-alone without any auxiliary compo-
nents for the supply of methanol, water and oxidant [15]. Therefore, the 
passive DMFCs are more compact and simple in operation, attracting a 
lot of attention [16–18]. 

Great efforts have been made on passive DMFCs to increase the 
performance and practicality over the past few decades. Some re-
searches have been performed including developing more active elec-
trode electrocatalysts [19–21], modifying the proton exchange 
membranes [22], improving the water and heat management [23–27], 
reducing methanol crossover (MCO) [28], designing or evaluating de-
vices [29,30] etc. Catalysts are an important part of the fuel cell, and the 
catalyst layer is the main site for electrochemical reactions. The per-
formance of the catalyst usually determines the performance of the 
DMFC [31]. In addition, modifying of the Nafion membrane helps to 
achieve good performance of DMFC and reduced MCO [32]. MCO which 
leading to fuel loss and a mixed potential at the cathode limits the op-
timum methanol concentration [33,34]. Thus, diluted methanol solu-
tions (1–2 M for active DMFCs and about 3–5 M for passive DMFCs) are 
usually fed to DMFCs directly [35–38]. To overcome the energy density 
reduction resulting from using diluted methanol solution, many works 
have been done to employ high concentration methanol solutions or 
even neat methanol by transporting methanol in vapor phase [39–43]. 
In vapor-feed mode, high temperature or pre-evaporation layers are 
usually required which increase the complexity of the system [42,44]. 

Although the research on passive DMFCs has achieved a lot of results, 
there are still many problems to be solved. In liquid-feed mode and 
vapor-feed mode, methanol fuel transfers to the anode as a fluid. As the 
only non-solid part of the passive DMFC, fuel is usually a fluid and it is 
difficult to maintain its shape, bringing some disadvantages. For 
example, when the passive-DMFC is tilted or inverted, the transmission 

status of fuels and emission status of CO2 bubbles changed, which in turn 
reduces the stability of the performance of the passive DMFC [45,46]. 
And since methanol is a fluid with a low surface tension, when the 
sealing property of the cell is poor, methanol is easy to flow out of the 
device, causing not only fuel loss but also harmful pollution. Passive 
DMFCs that use liquid fuels tend to be less safe and portable, which 
reduces the practicability of the cell. 

In order to overcome the above problems, all-solid-state passive 
DMFCs have been developed based on solid-feed mode in this paper. In 
this form of methanol fuel, methanol, water and other absorbent ma-
terials were utilized to prepare solid substances rich in methanol, which 
were called solid methanol here. By using solid methanol fuels, all 
components of the passive DMFCs are solid, no fluid, so we call them all- 
solid-state passive DMFCs (see Fig. 1)lid methanol is different from 
liquid methanol, and it has many excellent properties. For example, 
since solid methanol can maintain its shape, it can be in full contact with 
the electrode when the device is tilted or inverted. Therefore, the passive 
DMFC can be operated in any orientation, while the performance of 
DMFC remains stable. Solid fuels improve the transport of mass, mainly 
in the disappearance of CO2 bubbles on the anode side, which diffuse 
directly outside the cell without hindering the transport of methanol and 
water. Using solid methanol in passive DMFC increases the maximum 
power density (Pmax) and discharge energy of the DMFC under the same 
experimental conditions. The Pmax of the cell with employing solid 
methanol fuel is 20.5 mW cm� 2, which is 30.8% higher than the cell 
traditionally using methanol solution. When the cell is well sealed, the 
discharge energy of the cell using the solid fuel is 1.9 times that of the 
cell using the conventional liquid fuel. When the sealing gasket of the 
passive DMFC is damaged and the cell sealing property is poor, the 
discharge energy of the cell using the solid methanol is nearly 3.3 times 
that of the cell using the conventional liquid methanol. These have led to 
higher energy densities for all-solid-state DMFCs under the same con-
ditions. In addition, the anti-leakage properties of solid fuels make 
passive DMFCs safer and more portable. In general, all-solid-state pas-
sive DMFCs have better performance and better practicability than that 
of passive DMFCs that traditionally use liquid methanol solution. 

2. Experimental section 

2.1. Membrane electrode assembly (MEA) preparation 

The Nafion 115 membrane, employed as electrolyte of direct meth-
anol fuel cell, was cut into small pieces of 2.5 cm � 2.5 cm before rinsed 
by deionized (DI) water. The pieces then were treated with 5 wt% H2O2 
solution, 2 M H2SO4 solution and ultra-pure water at 80 �C for 1 h in 
sequence. Finally, treated membranes were stored in DI water before 
using. Carbon paper (Toray) was cut into 2 cm � 2 cm pieces and used as 
gas diffusion layer. 

The catalysts used in this research were Pt–Ru (1:1) black (HPR100, 

Fig. 1. Comparison of two passive DMFCs during operation. (a) Schematic of the conventional passive DMFC. (b) Schematic of the newly all-solid-state pas-
sive DMFC. 
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Hesen) and 70% Pt/C (HiSPEC13100, Johnson Matthey) for anode and 
cathode, respectively. Catalyst ink containing the black catalyst and 
Nafion ionomer was prepared by mixing the catalyst powder with 5% 
Nafion ionomer solution, isopropanol and DI water. The Pt loading of 
catalyst layer on the anode side was 3 mg cm� 2, and the content of 
Nafion ionomer was 15%. On the cathode, the Pt loading of catalyst 
layer was 1.5 mg cm� 2, and the content of Nafion ionomer was 20%. 

Finally, together with one piece of proton exchange membrane 
(Nafion 115) and two pieces of GDLs (carbon paper) coated with MPL 
and catalyst layer, the MEA was fabricated through a hot-pressing pro-
cess. In this process, treatment temperature, hot-pressing time and 
pressure were 130 �C, 2 min and 40 kg cm� 2, respectively. The electrode 
size of each side of the MEA was 2 cm � 2 cm. 

2.2. Preparation of solid methanol fuel 

Since methanol and methanol solutions are liquids, it is crucial to 
explore a suitable material and method to absorb and fix the methanol 
molecules and water molecules to form a new mixture, which we called 
solid methanol fuel. Solid methanol maintains its shape and therefore 
does not have fluidity at room temperature, but does not prevent the 
transport of CH3OH and H2O molecules. Absorbent cotton, commercial 
Super Absorbent Polymer (SAP) and silica aerogel were selected as the 
main materials we researched in this study. 

A series of methanol solution were prepared with the concentrations 
vary from 2 M to 8 M. Three kinds of solid methanol fuels are prepared 
based on three absorbent materials as described above. To prepare a 
cotton-based fuel, 12.2 g 5 mol L� 1 methanol solution was mixed with 
5.3 g absorbent cotton, shaken for 2 min and then allowed to stand for 2 
h to make a methanol fuel at room temperature. To prepare an aerogel- 
based fuel, 3.4 g 5 mol L� 1 methanol solution was mixed with 0.32 g 
silica aerogel, shaken for 2 min, and allowed to stand for 2 h to prepare a 
methanol fuel at room temperature. To prepare an SAP-based fuel, So-
dium polyacrylate super absorbent polymer (SAP, from Yinong mate-
rials manufacturer) was used in this study. 10 g 5 mol L� 1 methanol 
solution was mixed with 0.1 g SAP, shaken slightly, and the SAP parti-
cles were sufficiently dispersed in the liquid. Then the liquid was 
intermittently shaken for 2 min, and allowed to stand until the solution 
was slowly converted into a solid form at room temperature. The solid 
mixture was allowed to stand at room temperature under sealed con-
ditions for 24 h continued to form a homogeneous solid methanol fuel. 

To further explore the role of SAP, we changed the weight of the SAP 
and the concentration of the methanol solution to prepare a series of 
samples. 6 groups of samples were prepared, in which the masses of the 
weighed SAP were 0.25 g, 0.5 g, 1 g, 2 g, 4 g, and 8 g, respectively. Each 
of them was mixed with 100 g 5 mol L� 1 methanol solution to prepare a 
series of solid methanol fuels following the steps mentioned above. Then 
7 sets of methanol solution were prepared at concentration of 2 M, 3 M, 
4 M, 5 M, 6 M, 7 M, 8 M, respectively. The weight of methanol solution 
was 100 g. Each of the above methanol solutions was mixed with 1 g of 
SAP solid particles to prepare a series of solid methanol fuel. 

2.3. Test of the performance of passive DMFCs 

The passive direct methanol fuel cells were tested with an electro-
chemical workstation at room temperature (20 �C). The scan rate was 2 
mV s� 1. The air was transmitted from the outside to the cathode of the 
passive DMFCs in air-breathing mode. The constant current discharge 
performance was tested by a battery discharge meter at a rate of once per 
second. The test was carried out at room temperature (20 �C). The 
passive DMFCs employed were also tested in air-breathing mode. 

3. Results and discussion 

3.1. Performance of different methanol fuels 

Since the freezing point of methanol is as low as � 97.8 �C, a tem-
perature which is not suitable for DMFCs operation, it is not suitable to 
prepare solid methanol by freezing methanol and methanol aqueous 
solutions. To explore a feasible method for preparing solid methanol, 
various functional materials were used to prepare solid methanol in this 
study. By combining them with methanol solution at room temperature, 
methanol solution can be absorbed and transferred into a solid state 
rather than a fluid state. Materials employed are absorbent cotton, super 
absorbent polymer (SAP) and silica aerogel. Raw cotton contains about 
90% cellulose and various impurities such as waxes, pectins, proteins, 
and fats [47]. Absorbent cotton is a kind of cotton that has been pro-
cessed to remove fat and other impurities. Therefore, it is more hydro-
phobic than raw cotton and is a highly absorbent material. SAP can 
usually absorb water thousands of times their weight. In this research, 
SAP was used which is composed of 88% sodium polyacrylate, 10% 
water and 2% crosslinker. Silica aerogels are materials with good 
properties such as high specific surface area, high porosity (80–99.8%), 
low density (~0.003 g cm� 3), high thermal insulation value, ultralow 
dielectric constant and low index of refraction [48]. With a large specific 
surface area and high porosity, Silica aerogel can adsorb both water and 
methanol while maintaining its solid form state. 

Fig. 2 shows the polarization curves of the same fuel cell (the cell 
employing same MEA) using four kinds of methanol fuels including 
three kinds of solid methanol fuels mentioned above and liquid meth-
anol (methanol aqueous solution). The concentration of liquid methanol 
was 5 M. 

It is obvious that different fuels significantly influenced the perfor-
mance of passive DMFC. As it is shown in Fig. 2b, the maximum power 
density (Pmax) of the cell with SAP based solid methanol is 20.5 mW 
cm� 2, which is 30.8% higher than that of the cell traditionally using 
methanol solution (liquid-feed passive DMFC). It is also noted that the 
termination discharge current density (Jmax, current density corre-
sponding to 0.05 V) of the cells are 200 mA cm� 2 and 171 mA cm� 2 for 
the cells with SAP solid methanol and liquid methanol solution, 
respectively. Therefore, the performance of passive DMFC has been 
significantly improved by employing SAP based solid methanol. The 
range of methanol solution concentration which is feasible for SAP to 
absorb methanol solution has been explored. As shown in Table S1, 
when the concentration of methanol solution is 0–13 mol L� 1, SAP can 
combine with methanol solution to form a solid methanol effectively. 
The polarization curve of a fuel cell is an important characterization of 
its performance. The peak power density data of our cell when using 
liquid methanol is similar to the data in many other works, such as 14 
mW cm� 2 of Zhang et al. [27], 19.3 mW cm� 2 of Gao et al. [30], and 16 
mW cm� 2 of Zhang et al. [49]. 

Fig. 2. Performance of a passive-DMFC using four kinds of fuels (liquid 
methanol, solid methanol based on super absorbent polymer (SAP), absorbent 
cotton and silica aerogel). (a) Polarization curves of a passive-DMFC using four 
kinds of fuels. (b) Power density curves of a passive-DMFC using four kinds 
of fuels. 
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As shown in Fig. 2, the Pmax of the passive DMFC using the absorbent 
cotton material is 13.9 mW cm� 2, which is only 11.5% lower than that of 
the passive DMFC traditionally using methanol solution (liquid-feed 
passive DMFC). This can be attributed to the fact that the mass transfer 
of methanol in the absorbent cotton is similar to that of liquid methanol. 
The absorbent cotton absorbs droplets of the methanol solution by 
capillary force, and these droplets can be easily transported. Therefore, 
the status of the methanol solution absorbed by the absorbent cotton is 
close to that of the liquid methanol solution. 

Methanol solution can be adsorbed by the aerogel while maintaining 
the solid form. However, the performance of such aerogel-based solid 
methanol fuel cells is not good. As shown in the Fig. 2a and b, the 
termination discharge current density and maximum power density are 
78.6 mA cm� 2 and 6.5 mW cm� 2, respectively, which are much lower 
than that of liquid-feed passive DMFC described above. This may be due 
to the poor mass transfer in aerogel-based solid methanol fuels. 

In general, the passive DMFC using SAP based solid methanol 
perform better than the same cell using traditional methanol solutions, 
absorbent cotton based solid methanol and silica aerogel based solid 
methanol. 

3.2. Effect of SAP content on the performance of solid methanol fuels 

In the following discussion, the weight value of the SAP divided by 
the weight value of the methanol solution is defined as the ratio of solid 
methanol. For example, when 1 g SAP was combined with 100 g 
methanol solution (5 M) to form a solid methanol fuel, the fuel is called a 
solid methanol fuel with the ratio of 1% and the concentration of 5 M. In 
order to study the effect of the ratio of solid methanol on the macro-
scopic morphology of the solid methanol and performance in the passive 
DMFCs, a series of samples were prepared, numbered 1 to 6. Fig. 3a 
shows the macroscopic morphology of samples 1 to 6. As shown in 
Fig. 3a, when the ratio is 0.25%, the sample has fluidity and cannot 
maintain a solid shape. Sample 1 is not a solid methanol fuel because the 
content of SAP is too small to allow SAP to completely absorb the 
methanol solution. Therefore, in order to completely absorb the meth-
anol solution, it is necessary to increase the ratio of the SAP. As shown in 
Fig. 3a, when the ratio is higher than 0.5%, methanol solution is 
completely adsorbed and the matter turn into solid state. It is also noted 
that sample 2 and 3 appear to be transparent. On the contrary, samples 
4, 5 and 6 are nearly white and opaque. Solid methanol fuel has lost its 
fluidity and is not suitable for continuous feeding like liquid. 

All the above six samples are placed on the anode side of the cell in 
the way of direct filling rather than injection. Pmax of cells with the 
above 6 samples was measured in sequence. It can be found that Pmax of 
sample 1 and sample 2 are both 17.6 mW cm� 2, respectively. Although 
the morphology of sample 1 and sample 2 are different, their perfor-
mance is similar. When the fuel ratio is larger than 0.5%, the fuels are all 

in solid form, and they are shaped like crushed ice produced by ice 
machines. It can be seen from Fig. 3b that the ratio of solid methanol fuel 
will affect the performance of the DMFC. When the ratio is 1%, the 
corresponding peak power density of the DMFC reaches the maximum. 
Other ratios reduce the performance of the solid fuel in the DMFC. It 
should also be noted that the methanol content would decrease in too 
large ratio and the fuel will became liquid in too small ratio. Thus, 1% is 
the best ratio for the Pmax of passive DMFCs in this work. 

3.3. Morphology and gas permeability of solid methanol fuel 

Fig. 4a shows the change of the appearance of the mixture of SAP and 
methanol solution over time when the SAP particles gradually absorb 
the methanol solution. As shown in the first picture of Fig. 4a, SAP 
particles are white particles, and its volume is 0.66 cm3. After mixing 
them with the methanol solution, the SAP particles gradually absorb the 
methanol solution, and the volume gradually increases to 50 cm3. 
During this process, the methanol solution is absorbed and fixed, and no 
longer has fluidity. The void volume of solid methanol fuel accounts for 
98.7% of the total volume, and these voids are filled with water and 
methanol. Solid methanol fuel is not a single piece and consists of a large 
number of gel-like particles that have absorbed the methanol solution, 
therefore there are a large number of gaps between the particles that 
allow gas to pass through. The gas permeability of solid methanol fuel 
and commercial carbon paper was tested and compared. As shown in 
Fig. 4b, the solid methanol fuel and carbon paper have the same cross- 
sectional area, but their thickness is different. The thickness of the 
solid methanol fuel sample is 10 mm, and the thickness of the carbon 
paper is only 0.22 mm. The test results are shown in Fig. 4c. Although 
the thickness of the solid methanol sample is about 45 times that of 
carbon paper, the gas transmission rate of the solid methanol sample is 
much higher than that of carbon paper. For example, when the pressure 
difference between the two sides of the sample is 400 Pa, the gas passing 
rate of the solid methanol sample is 29.6 mL s� 1 cm� 2, while the gas 
passing rate of carbon paper is only 13.4 mL s� 1 cm� 2. The air perme-
ability of commercial carbon paper tested by us is consistent with the 
data in the literature [50]. Fig. 4d shows a larger SEM image of a solid 
methanol fuel based on SAP and a smaller SEM image of SAP particles 
contained in the upper left. The solid fuel sample is in an environment 
with a vacuum of 1.5 � 10� 2 Pa and has lost a lot of water and methanol. 
It can be seen from the figure that the solid methanol fuel sample still 
maintains a porous crosslinked structure. The good gas permeability of 
solid methanol fuel facilitates its application in direct methanol fuel 
cells, which produce a large amount of CO2 gas at the anode. 

3.4. Improved CO2 removal in all-solid-state DMFCs 

Fig. 5c and Fig. 5d show the anode side of the passive DMFC when it 

Fig. 3. Performance of a passive-DMFC using solid methanol with different SAP contents. (a) Photograph of mixtures of SAP and methanol solution in various ratios 
(0.25%. 0.5%, 1%, 2%, 4%, 8%). (b) Dotted line diagram of peak power density for 6 samples. 
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is operated at a discharge current of 50 mA cm� 2. Fig. 5c is a photograph 
of the anode side of a cell using a conventional methanol solution. Due to 
the chemical reaction of methanol and water under the action of a 
catalyst, a large amount of CO2 gas is generated. CO2 accumulates and 
forms bubbles on the surface of the carbon paper, and these CO2 bubbles 
cannot be immediately discharged, and will temporarily stay on the 
surface of the carbon paper until remove and break. Fig. 5a shows a 
schematic of CO2 bubbles producing and removing on the anode of 
liquid-feed passive-DMFC. The CO2 bubbles block a portion of the anode 
surface and affect the transport of methanol molecules and water mol-
ecules from fuel chamber to the diffusion layer in this portion of the 
region. 

On the contrary, as shown in Fig. 5d, there is no bubbles on the anode 

side when cell use solid methanol. The solid methanol instead of 
methanol solution is uniformly filled in the fuel chamber on the anode 
side. Solid methanol is in full contact with the anode side of the MEA. 
When the cell is working, the methanol molecules and water molecules 
diffuse directly from the solid methanol to the diffusion layer of the cell, 
and the CO2 diffuses from the catalytic layer through the gas diffusion 
layer to the anode surface. As it is shown in Fig. 5b, since the fuel is a 
solid, CO2 gas diffuses directly through the gap of the solid methanol and 
does not form bubbles. Without the blocking effect of CO2 bubbles, the 
contact area between fuel and anode is larger, which improves the 
methanol and water transport. This explains why solid-state fuels 
improve the performance of the passive DMFCs. Many other works have 
studied and improved the formation and discharge of carbon dioxide 

Fig. 4. Characterization of the morphology and gas permeability of solid methanol fuel. (a) Changes in the appearance of sap and methanol mixture during the 
absorption of methanol solution by SAP materials. (b) Schematic diagram of gas permeability test. (c) Gas performance of solid metal fuel and Toray carbon paper. 
(d) SEM image of solid methanol fuel and SAP particles in vacuum environment. 

Fig. 5. Removal of CO2 from cathode side of liquid and solid methanol fuel cells. (a) Schematic of CO2 bubbles producing and removing on the anode of liquid-feed 
passive-DMFC. (b) Schematic of disappearance of CO2 bubbles on the anode of all-solid-state passive-DMFC. (c) Photograph of CO2 bubbles producing and removing 
on the anode of liquid-feed passive-DMFC. (d) Photograph of disappearance of CO2 bubbles on the anode of all-solid-state passive-DMFC. 
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bubbles [51,52], while our experiment has realized the function of 
making carbon dioxide bubbles disappear and achieved good results. 

3.5. Solid methanol fuels improve cell performance at different methanol 
concentrations 

In order to systematically study the difference in DMFC performance 
between solid methanol fuel and liquid methanol fuel at various meth-
anol concentrations, a series of liquid methanol and solid methanol were 
prepared. These samples were tested via the same DMFC (the same 
MEA). Fig. 6a shows the polarization curves of the same cell using solid 
methanol and liquid methanol at a concentration of 5 M. As can be seen 
from Fig. 6a, the Pmax and Jmax of the cell using solid methanol are 
43.1% and 19.9% higher than the cell using liquid methanol, respec-
tively. As can be seen from Fig. 6b and c, when the methanol concen-
tration changes from 2 M to 8 M, the Pmax and Jmax of the solid methanol 
fuel cell or the liquid methanol fuel cell both increase first and then 
decrease with increasing methanol concentration, and both reach a 
maximum at a concentration of 5 M. 

The Pmax and Jmax of the all-solid-solid DMFC are both higher than 
the traditional liquid-feed DMFC respectively at each methanol con-
centration. The difference in performance between two kinds of passive 
DMFCs is relatively large near the concentration of 5 M, but when the 
methanol concentration decreases (close to 2 M) or increases (close to 8 
M), the difference become smaller. In general, Solid methanol fuels 
improve the performance of DMFC at various concentrations compared 
to conventional DMFC. And through the experiments involved in Fig. 6, 
it is can be concluded that the 5 M is an optimum methanol concen-
tration for both all-solid-state passive DMFC and traditional liquid-feed 
passive DMFC. 

3.6. Orientation stability of all-solid-state DMFC 

Since solid methanol fuel is not a fluid and can maintain a certain 
shape, the passive DMFC using solid methanol fuel has a great orienta-
tion stability. As shown in Fig. 7, the solid red arrow indicates the di-
rection from the anode of the all-solid-state DMFC pointing vertically to 
the outside, that is, the orientation of the cell. Contrary to the direction 
of gravity, the vertical upward direction is indicated by a black arrow, 
and the angle between the black solid arrow and the red arrow is defined 
as θ, which represents the inclination angle of the DMFC. The perfor-
mance of the all-solid-state DMFC was measured as θ varies from 0� to 
180�. When θ is 0�, it means that the cell is placed upwards and the 
methanol storage tank is located above the anode. When θ is 90�, the cell 
is placed vertically. When θ is 180�, the cell is horizontally oriented with 
the anode side facing downward. 

It can be seen from Fig. 7 that as the angle changes, the performance 
of the cell remains stable with almost no change. A statistical analysis of 

the data measured at five angles was performed and found that their 
average value is 17.0 mW cm� 2. And the standard deviation, indicating 
the extent of deviation for a group as a whole, is 1.42 � 10� 4. Even when 
the anode is facing downward, Pmax is only 1.4% lower than that of the 
cell with the anode facing up. Therefore, the all-solid-state methanol fuel 
cell based on solid methanol fuel has great orientation stability, and its 
performance can remain stable regardless of the orientation change of 
the cell in space. For a direct methanol fuel cell that uses a liquid 
methanol solution, when the orientation of the cell changes, its perfor-
mance will change greatly [45]. 

In liquid-feed mode, when the anode of the passive DMFC is 
completely facing down, the anode will generate CO2 and accumulate in 
the upper part of the fuel chamber, and the methanol solution will 
remain in the lower part of the fuel chamber. Therefore, CO2 will be 
trapped between the methanol solution and gas diffusion layer, pre-
venting direct contact between the methanol aqueous solution and the 
anode side of MEA. In this case, mass transfer will be changed, so the 
performance of the cell will be influenced and become unstable. It is 
worth noting that this adverse effect is eliminated in the passive DMFC 
we designed by using solid methanol. Solid methanol does not have 
fluidity, so that methanol fuel can always have good contact with the 
anode of the cell regardless of the change of orientation. 

3.7. Constant current discharge performance of cells 

We find that all-solid-state passive DMFC also have advantages in 
long-term discharge performance. Fig. 8a and Fig. 8b show the discharge 
voltage and discharge energy of the same cell using different fuels as a 
function of time at a current of 100 mA. As shown in Fig. 8a, the 
discharge voltage of an all-solid-state passive DMFC is always higher 
than that of the passive DMFC using a liquid methanol solution. The 

Fig. 6. Comparison of the performance of all-solid-state passive-DMFC and traditional liquid-feed passive-DMFC. (a) Polarization curves of all-solid-state passive- 
DMFC and traditional liquid-feed passive-DMFC using the same concentration (5 M) of methanol fuel. (b) Comparison of maximum power densities of two kinds of 
passive-DMFC when methanol concentration is in the range of 2 M–8 M. (c) Comparison of termination current densities of two kinds of passive-DMFC when 
methanol concentration is in the range of 2 M–8 M. 

Fig. 7. Dotted line diagram of peak power density for the same all-solid-state 
passive-DMFC in five different orientations (five inclined angles). 
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discharge time of the all-solid-state passive DMFC is about 200 min, 
while the discharge time of a liquid-feed passive DMFC is relatively 
short, about 150 min. Moreover, the voltage value of the liquid-feed 
passive DMFC drops faster than that of the all-solid-state passive 
DMFC. The above characteristics results in an increase in the total 
discharge energy of an all-solid-state passive DMFC compared to liquid- 
feed passive DMFC under the same conditions. Specifically, the 
discharge energy of the all-solid-state passive DMFC is 76.2 mW h, and 
the discharge energy of the liquid-feed passive DMFC is 40.5 mW h, so 
the former is 88% higher than the latter. 

Sealing gasket in the direct methanol fuel cell is a key component for 
sealing. When the sealing gasket is damaged or removed, the liquid 
methanol solution in the fuel chamber of passive DMFC will leak out, 
which not only reduces the cell performance but also causes a bad 
impact on human health and environment. Fig. 8c and d show the 
constant current (200 mA)discharge performance of an all-solid-state 
passive DMFC and a liquid-feed passive DMFC using the same weight 
of fuel when the sealing gasket has been removed. As shown in Fig. 8c, 
the discharge time of the liquid-feed passive DMFC is only 20 min, which 
is much lower than the discharge time of 100 min of all-solid-state 
passive DMFC. As shown in Fig. 8d, the discharge energy of the liquid- 
feed passive DMFC is only 20 mW h, and the discharge energy of the 
solid methanol fuel cell is 65 mW h. Thus, when the cells are not sealed 
well, the discharge time of all-solid-state passive DMFC is 5 times that of 
liquid-feed passive DMFC, and the discharge energy is 3.3 times that of 
liquid-feed passive DMFC. These results are due to leakage of liquid 
methanol solution and loss of methanol when the cell is not well sealed 
in liquid-feed passive DMFC. As for all-solid-state passive DMFC which is 
also poorly sealed, the solid methanol does not leak out because it is not 
a fluid and can maintain its shape, which prolongs the discharge time 
and increases the discharge energy. In general, the all-solid-state passive 
DMFC prevents fuel leakage and improves the utilization of the fuel in 
the fuel chamber, which makes the cell more efficient, safer and more 
environmentally friendly. The results mentioned above contribute 
greatly to improving the usability of the passive DMFC. 

4. Conclusion 

In this study, a new passive DMFC named all-solid-state passive 
DMFC is developed based on solid-feed mode. In this mode, DMFCs are 
fueled with special solid methanol fuel rather than methanol solution. 
Three materials are mainly studied in this work. It was found that SAP is 
the best material in these three materials, because the DMFC with SAP- 
based solid methanol fuel has the highest Pmax of 20.5 mW cm� 2. 
Although SAP-based solid methanol fuel needs to be produced in 
advance and is not suitable for continuous supply, it has achieved good 
results. The optimal ratio of SAP to methanol solution has been explored. 
It can be concluded that solid methanol with a ratio of 1% has the best 
performance in the passive DMFCs. By observing the photograph of the 
anode of the all-solid-state passive DMFC and the liquid-feed passive 
DMFC during operation, the all-solid-state passive DMFC does not pro-
duce any CO2 bubbles on the anode side of the cell. CO2 gas can be more 
quickly eliminated before forming bubbles in all-solid-state passive 
DMFC, and the solid methanol fuel improves mass transfer in the cell. In 
this study, solid methanol improved performance (Pmax and Jmax) of 
DMFC compared to liquid methanol solution with various concentra-
tions (2 M–8 M). In addition to increasing the power density and current 
density of the DMFC, all-solid-state passive DMFC have many other 
advantages. The solid methanol fuel has no fluidity, which solves the 
problem of stable supply of methanol in passive DMFCs. So solid 
methanol fuel cell has a strong orientation stability. From the long-term 
discharge performance of solid fuel cells, we find that all-solid-state 
passive DMFC compared to conventional liquid-feed passive DMFC has 
longer discharge time and increase discharge energy by 88% under the 
same discharge conditions. Besides, all-solid-state passive DMFCs are 
safer than liquid-feed passive DMFCs, preventing leakage of fuel from 
the cell when the cell is not sealed. Meanwhile, the effect of solid fuel on 
extending discharge time and increasing discharge energy is more 
obvious when the cell is not sealed. The discharge time of the cell is 5 
times of that of the liquid-feed passive DMFC, and the discharge energy 
is 3.3 times of that of the liquid-feed passive DMFC. In general, solid 
methanol fuel cells have high performance and good practicality, and 
deserve to be further explored. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpowsour.2019.227669. 

Fig. 8. Contrast of constant current discharge of all-solid-state passive DMFC 
and liquid-feed passive DMFC. (a) Curves of the voltage of the cells as a function 
of time (discharge current, 100 mA). (b) Curves of the energy of the cells as a 
function of time (discharge current, 100 mA). (c) Curves of the voltage of the 
cells as a function of time when the cell is not tightly sealed (discharge current, 
200 mA). (d) Curves of the energy of the cells as a function of time when the cell 
is not tightly sealed (discharge current, 200 mA). 

G. Lu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.jpowsour.2019.227669
https://doi.org/10.1016/j.jpowsour.2019.227669


Journal of Power Sources 450 (2020) 227669

8

References 

[1] B.C. Ong, S.K. Kamarudin, S. Basri, Int. J. Hydrogen Energy 42 (2017) 
10142–10157. 

[2] X.L. Li, A. Faghri, J. Power Sources 226 (2013) 223–240. 
[3] N.H. Kasmuri, S.K. Kamarudin, S.R.S. Abdullah, H.A. Hasan, A.M. Som, Renew. 

Sustain. Energy Rev. 79 (2017) 914–923. 
[4] G.A. Olah, Angew. Chem. Int. Ed. 44 (2005) 2636–2639. 
[5] V.D. Phillips, P.K. Takahashi, Environ. Sci. Technol. 24 (1990) 1136–1137. 
[6] N.S. Shamsul, S.K. Kamarudin, N.A. Rahman, N.T. Kofli, Renew. Sustain. Energy 

Rev. 33 (2014) 578–588. 
[7] K. Scott, W.M. Taama, P. Argyropoulos, J. Power Sources 79 (1999) 43–59. 
[8] C.E. Shaffer, C.Y. Wang, J. Power Sources 195 (2010) 4185–4195. 
[9] T.S. Zhao, W.W. Yang, R. Chen, Q.X. Wu, J. Power Sources 195 (2010) 3451–3462. 

[10] C.K. Dyer, J. Power Sources 106 (2002) 31–34. 
[11] N. Herr, J.M. Nicod, C. Varnier, L. Jardin, A. Sorrentino, D. Hissel, M.C. Pera, 

Renew. Energy 105 (2017) 590–600. 
[12] C.Y. Lee, Y.C. Chiang, F.B. Weng, S.C. Li, P.H. Wu, H.I. Yueh, Renew. Energy 108 

(2017) 126–131. 
[13] J.N. Tiwari, R.N. Tiwari, G. Singh, K.S. Kim, Nano Energy 2 (2013) 553–578. 
[14] Z. Guo, Y. Cao, J. Power Sources 132 (2004) 86–91. 
[15] R. Chen, T.S. Zhao, J. Power Sources 152 (2005) 122–130. 
[16] S.S. Munjewar, S.B. Thombre, R.K. Mallick, Renew. Sustain. Energy Rev. 67 (2017) 

1087–1104. 
[17] J.G. Liu, T.S. Zhao, R. Chen, C.W. Wong, Electrochem. Commun. 7 (2005) 

288–294. 
[18] T.S. Zhao, R. Chen, W.W. Yang, C. Xu, J. Power Sources 191 (2009) 185–202. 
[19] M. Ercelik, A. Ozden, E. Seker, C.O. Colpan, Int. J. Hydrogen Energy 42 (2017) 

21518–21529. 
[20] Y.T. Li, Z.Y. Li, Y.Z. Wu, H.Y. Wu, H. Zhang, T. Wu, C.H. Yuan, Y.T. Xu, B.R. Zeng, 

L.Z. Dai, J. Power Sources 412 (2019) 623–630. 
[21] P.P. Patel, M.K. Datta, P.H. Jampani, D. Hong, J.A. Poston, A. Manivannan, P. 

N. Kumta, J. Power Sources 293 (2015) 437–446. 
[22] R.C. Jiang, H.R. Kunz, J.M. Fenton, J. Membr. Sci. 272 (2006) 116–124. 
[23] Q.X. Wu, T.S. Zhao, R. Chen, L. An, Appl. Energy 106 (2013) 301–306. 
[24] C. Xu, A. Faghri, X.L. Li, Int. J. Hydrogen Energy 36 (2011) 8468–8477. 
[25] M. Zago, A. Casalegno, C. Santoro, R. Marchesi, J. Power Sources 217 (2012) 

381–391. 
[26] V.B. Oliveira, D.S. Falcao, C.M. Rangel, A.M.F.R. Pinto, Int. J. Energy Res. 37 

(2013) 991–1001. 

[27] Z.C. Zhang, W. Yuan, A.Y. Wang, Z.G. Yan, Y. Tang, K.R. Tang, J. Power Sources 
297 (2015) 33–44. 

[28] X.H. Yan, R.Z. Wu, J.B. Xu, Z.T. Luo, T.S. Zhao, J. Power Sources 311 (2016) 
188–194. 

[29] Y.L. Zhu, J.S. Liang, C. Liu, T.L. Ma, L.D. Wang, J. Power Sources 193 (2009) 
649–655. 

[30] J.Y. Cao, Z.Q. Zou, Q.H. Huang, T. Yuan, Z.L. Li, B.J. Xia, H. Yang, J. Power 
Sources 185 (2008) 433–438. 

[31] H.S. Liu, C.J. Song, L. Zhang, J.J. Zhang, H.J. Wang, D.P. Wilkinson, J. Power 
Sources 155 (2006) 95–110. 

[32] Z.M. Cui, W. Xing, C.P. Liu, J.H. Liao, H. Zhang, J. Power Sources 188 (2009) 
24–29. 

[33] J.H. Han, H.T. Liu, J. Power Sources 164 (2007) 166–173. 
[34] M. Ahmed, I. Dincer, Int. J. Energy Res. 35 (2011) 1213–1228. 
[35] S. Hikita, K. Yamane, Y. Nakajima, JSAE Rev. 22 (2001) 151–156. 
[36] G. Jewett, Z. Guo, A. Faghri, J. Power Sources 168 (2007) 434–446. 
[37] J.G. Liu, T.S. Zhao, Z.X. Liang, R. Chen, J. Power Sources 153 (2006) 61–67. 
[38] X.M. Ren, M.S. Wilson, S. Gottesfeld, J. Electrochem. Soc. 143 (1996) L12–L15. 
[39] L.G. Feng, J. Zhang, W.W. Cai, Liangliang, W. Xing, C.P. Liu, J. Power Sources 196 

(2011) 2750–2753. 
[40] Y.L. He, Z. Miao, W.W. Yang, J. Power Sources 208 (2012) 180–186. 
[41] X.L. Li, A. Faghri, C. Xu, Int. J. Hydrogen Energy 35 (2010) 8690–8698. 
[42] X.L. Li, A. Faghri, C. Xu, J. Power Sources 195 (2010) 8202–8208. 
[43] N. Nakagawa, M.A. Abdelkareem, K. Sekimoto, J. Power Sources 160 (2006) 

105–115. 
[44] Z.L. Wu, X.H. Wang, L.T. Liu, J. Microelectromech. Syst. 24 (2015) 207–215. 
[45] R. Chen, T.S. Zhao, J.G. Liu, J. Power Sources 157 (2006) 351–357. 
[46] G. Ting, J. Sun, H. Deng, X. Xie, K. Jiao, X. Huang, Int. J. Hydrogen Energy 41 

(2016) 6493–6507. 
[47] V.G. Yachmenev, E.J. Blanchard, A.H. Lambert, Ultrasonics 42 (2004) 87–91. 
[48] A.S. Dorcheh, M.H. Abbasi, J. Mater. Process. Technol. 199 (2008) 10–26. 
[49] X.L. Zhang, Y. Li, H.L. Chen, Z.G. Wang, Z.Y. Zeng, M.Y. Cai, Y.F. Zhang, X.W. Liu, 

J. Power Sources 273 (2015) 375–379. 
[50] Y. Gao, G.Q. Sun, S.L. Wang, S. Zhu, Energy 35 (2010) 1455–1459. 
[51] G.R. Deng, L. Liang, C.Y. Li, J.J. Ge, C.P. Liu, Z. Jin, W. Xing, J. Power Sources 427 

(2019) 120–128. 
[52] Z.Y. Yuan, K.Y. Zuo, C. Cao, S.X. Chen, W.H. Chuai, Z.M. Guo, J. Power Sources 

416 (2019) 9–20. 

G. Lu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0378-7753(19)31662-3/sref1
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref1
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref2
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref3
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref3
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref4
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref5
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref6
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref6
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref7
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref8
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref9
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref10
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref11
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref11
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref12
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref12
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref13
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref14
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref15
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref16
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref16
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref17
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref17
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref18
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref19
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref19
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref20
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref20
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref21
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref21
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref22
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref23
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref24
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref25
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref25
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref26
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref26
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref27
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref27
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref28
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref28
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref29
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref29
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref30
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref30
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref31
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref31
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref32
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref32
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref33
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref34
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref35
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref36
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref37
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref38
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref39
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref39
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref40
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref41
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref42
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref43
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref43
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref44
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref45
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref46
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref46
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref47
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref48
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref49
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref49
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref50
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref51
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref51
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref52
http://refhub.elsevier.com/S0378-7753(19)31662-3/sref52

	All-solid-state passive direct methanol fuel cells with great orientation stability and high energy density based on solid  ...
	1 Introduction
	2 Experimental section
	2.1 Membrane electrode assembly (MEA) preparation
	2.2 Preparation of solid methanol fuel
	2.3 Test of the performance of passive DMFCs

	3 Results and discussion
	3.1 Performance of different methanol fuels
	3.2 Effect of SAP content on the performance of solid methanol fuels
	3.3 Morphology and gas permeability of solid methanol fuel
	3.4 Improved CO2 removal in all-solid-state DMFCs
	3.5 Solid methanol fuels improve cell performance at different methanol concentrations
	3.6 Orientation stability of all-solid-state DMFC
	3.7 Constant current discharge performance of cells

	4 Conclusion
	Notes
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


