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a b s t r a c t

In this paper, a phosphoric acid fuel cell integrated with reformer and evaporator is demonstrated.
Oxidative steam reforming of methanol (OSRM) process is employed in this system in cooperated with a
high efficient evaporator, and the reacted gas is sent into a phosphorus-acid fuel cell (PAFC) for direct
power generation after surplus methanol/water filtration. The results show that the maximum power
density of this hybrid system achieves 277 mW/cm2 without CO2 removal, while it achieves 485 mW/cm2

when employing pure hydrogen as the fuel.
© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, proton exchange membrane fuel cell
(PEMFC) has been a common topic in the development of fuel cells.
For the well-developed PEMFC using Nafion® from DuPont as
electrolyte, the polymer membrane will lose moisture when
operating above 90 �C, further severely degrades the fuel cell per-
formance [1]. At such operating temperature, platinum catalysts on
the electrodes of the fuel cell can be easily poisoned by impurities,
such as carbon monoxide (CO), in the product of reformed alcohols,
natural gas or gasoline [2].

Compared to low temperature PEMFC, High-temperature
PEMFC (HT-PEMFC), such as phosphoric acid fuel cell (PAFC),
shows decent performance between 120 and 200 �C without the
aforementioned issues. According to past studies, HT-PEMFCs can
tolerate CO at a content of 1e3% [3e6] (compared with 20 ppm for
and System Science, Frontier
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. Huang), fangang@ess.nthu.
PEMFC operating below 100 �C), which makes it an appropriate
electricity generating device for the integration with reformer.
Among the hydrogen-rich compounds, methanol is most widely
used hydrogen source due to its high hydrogen/carbon ratio, high
energy density (2500WhL�1 for hydrogen and 5000WhL�1 for
liquid methanol [7]), cost-effective, low evaporating-temperature,
and relatively low reforming temperature. Comparing with direct
methanol fuel cell (DMFC), reformed methanol fuel cell (RMFC)
possesses higher performance on power due to the slower anodic
half-reaction for methanol oxidation and methanol crossover in
DMFCs [8e10]. The introduction of the methanol reformer makes
fuel cells much more portable and simplify the refueling process
instead of using compressed hydrogen as the fuel source. Therefore,
HT-PEMFC is a practical choice for RMFC system. In HT-PEMFCs,
polybenzimidazole (PBI) ion-exchange membrane doped with
phosphoric acid waswidely used [9,11e14] and operatedwell at the
temperature interval between 100 and 200 �C. Higher temperature
may lead to degradation due to phosphoric acid (H3PO4) leaking,
dehydration of H3PO4, and Pt catalyst agglomeration etc. [15e17].

In regarding methanol reforming processes, hydrogen can be
produced via various reforming reactions, such as thermal
decomposition of methanol (DM), partial oxidation of methanol
(POM), steam reforming of methanol (SRM), or oxidative steam
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reforming of methanol (OSRM). The equations of these reactions
are as followed (Eqs(1)e(4)) [18], respectively:

CH3OH / 2 H2 þ CO (DH0
298 ¼ þ92 kJmol-1) (1)

CH3OH þ 0.5 O2/ 2 H2 þ CO2 (DH0
298 ¼ �192.4 kJmol-1) (2)

CH3OH þ H2O / 3 H2 þ CO2 (DH0
298 ¼ þ49.5 kJmol-1) (3)

CH3OH þ (1-2d) H2O þ d O2 / (3-2d) H2 þ CO2 (4)

Among them, DM reaction is usually not considered to integrate
with fuel cells due to its sluggish reacting rate and high CO content
in the product [19]. POM reaction is an exothermal-reaction and
works at a relatively low temperature (180e250 �C, compared to
240e350 �C for SRM), theoretically allowing to sustain its operating
temperature and possessed with quick start-up [20e24]. However,
its hydrogen producing rate is 33% lower than SRM reaction. Other
difficulties such as hot spot caused by the acute heat released
during the reaction and the provision of the gas reactant (oxygen)
pose complexity for real applications.

So far, SRM has been the mostly considered way to produce
hydrogen for fuel cells due to its high hydrogen yield and simple
reactants supply (methanol and water, liquid only). However, SRM
is an endothermal reaction requiring external heat supply [25,26].
On the other hand, reforming reactions tend to have higher CO
yield at higher operating temperature [27]. Therefore, a water-gas
shift (WGS) reactor or a preferential oxidation (PROX) reactor is
often equipped to remove CO. The equations are as followed (Eqs
(5) and (6)) [28e31].

CO þ H2O / CO2 þ H2 (DH0
298 ¼ �41 kJmol-1) (5)

CO þ 0.5 O2 / CO2 (DH0
298 ¼ �283 kJmol-1) (6)

On the other hand, OSRM reaction, also known as autothermal
reforming (ATR) of methanol, is a combination of POM and SRM.
The enthalpy of the reaction is decided by the percentages of the
two reforming reactions. In Eq (4), d is the coefficient that repre-
sents the ratio of O2/MeOH, the coefficient d lies between 0 and 0.5.
The reaction can be heat equilibrium by deliberate arrangements
(d~0.125) [23,32], which means the reaction can sustain at its
operating temperature by well heat insulation without external
heat supply. Therefore, OSRM is applied in this study for the inte-
grated HT-PEMFC. In order to simplify the fuel cell system,
hydrogen peroxide (H2O2) is substituted for oxygen and water
appropriately. Hydrogen peroxide is a colorless liquid, slightlymore
viscous than water. Due to hydrogen peroxide is thermodynami-
cally unstable, it self-decomposes completely into water and oxy-
gen at 150 �C (Eq (7)). Thus hydrogen peroxide was mixed with
methanol to be the reactants of OSRM reaction in the current study.
The H2O2-OSRM system facilitates the design of the fuel cell system
[33].

2 H2O2 / 2 H2O þ O2 (DH0
298 ¼ �196.4 kJmol-1) (7)

To get high conversion rate of OSRM reaction, CuPdCeZn is
chosen as the catalyst for this experiment. CuZn is a common
catalyst used in methanol reforming reaction. The addition of Ce
can reduce the production of CO effectively because of its extra
oxygen vacancies [34]. While Palladium is an effective decompo-
sition catalyst, which help on the formation of hydrogen and carbon
monoxide from methanol. However, when Pd is prepared with Zn,
the selectivity will shift to CO2 [35]. In addition, adding Pd and Ce
can also increase Cu dispersion and reduce particle size [36].
Beside catalyst, design of flow channels also affects the perfor-
mance of reaction. Several researches about the flow channel
design of methanol reformers were reported, including multi-
channel micro packed-bed reactor, cross-U type reactor, etc.
[37e39]. In this paper, we employed a Swiss-role shape flow
channel to enhance the thermal efficiency of OSRM reformers. The
reaction starts from the center of the flow channel, in which the
POM reaction occurs rapidly. The shape can help the excess heat
from the center spread out to the surrounding of the channels,
where the relatively slow reaction, SRM, can be supported. By the
arrangement of various concentrations of catalyst along the spiral
channels, POM and SRM reactions can be better manipulated. By
accurate arrangement, the overall reaction can reach a heat balance
and the partial high temperature situation can be much avoided.

To further increase the operation efficiency of reformers, recent
researches also included evaporator before reformer [40] to
completely evaporate liquid fuel into an even mixture of gas/vapor.
When the fluid passes through the evaporator, the fluid can be
effectively heated in advance to completely vaporize the fluid to
prevent the incompletely vaporized fluid from entering the
reformer, thereby improving the methanol conversion rate of the
reformer. There’s also studies incorporated miniature evaporators,
with pin fin heat sinks set at the corners [41], to increase the heat
transfer effect. However, most of the flow channel areas in those
designs did not consider cooling fins, as a result, the thermal effi-
ciency of the evaporator would not be high (usually less than 33%
[42]). In this study, a micro evaporator is employed by using heat
sinks with straight-shaped channel design [43] to enhance the heat
transfer, thus the thermal efficiency can approach 63.3%.

When considering the integration of reformers with fuel cell
systems, several studies described the configurations, however,
most of them employed SRM reactions. C. Pan et al. [3] first intro-
duced a direct-thermal-contact HT-PEMFC stack with a SRM
reactor. At 260 �C, hydrogen yield achieved ~4200 mL/min by 149 g
catalyst while only ~1200 mL/min is produced at 200 �C. For the
integrated system test, the PBI-based HT-PEMFC shows a severe
drop comparing with hydrogen as fuel. The generated power
reached 344 mW/cm2. F. Weng et al. [44] introduced a two-stage
reforming system integrated with PBI-based HT-PEMFC. The first
reformer is combined with a catalytic methanol combustor oper-
ating at 240 �C. Afterwards, the second reformer is combined with
the HT-PEMFC operating at 200 �C. As a result, two-stage reformer
has a more stable product flow rate which responses to stable fuel
cell operation and the power generation reached 250 mW/cm2. Yet
these devices were merely arranged physical contact of fuel cells
and reformers by using holders or a cover without fully integration.
G. Avgouropoulos et al. [45e48] introduced an internal methanol
reforming fuel cell system. The reforming catalyst is composed of
copper foam, acting as the current collector simultaneously,
attached to the anodic side of membrane-electrode-assembly
(MEA). However, the corrosion caused by the leaked phosphoric
acid results in severe degradation of the reformer. Therefore, a bi-
polar plate with serpentine channel is installed to improve the
stability. In recent studies, P. Rebeirinha et al. [49,50] introduced a
bipolar plate with serpentine channels on the both sides. The inner
side naturally contact with the MEA; while the outer side is filled
with reforming catalyst, sealed with a silicon gasket. The integrated
fuel cell test shows a nearly overlapped polarization curve for
reformatted gases and pure hydrogen as fuel between 180 and
200 �C. Furthermore, power density achieved 330 mW/cm2 with
reformatted gasses and air supply at 180 �C [50].

In our past studies, H.-S. Wang et al. [51], in addition to the in-
tegrated systems operated with SRM reactions mentioned above,
introduced an integrated system equipped with a micro-POM-
reformer and a home-made HT-PEMFC based on H3PO4 doped



Fig. 2. Thermal efficiency test system for evaporator.
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glass micro fiber/polytetrafluoroethylene (GMF/PTFE) composite
membrane (the same MEA is used in this study). Through the fill-
and-dry process and the centrifugal process, the silicon-based
microfluidic channels enhance the surface area of the catalyst,
which results in high hydrogen yield (per catalyst weight) at rela-
tively lower temperature at 180 �C [52]. The composite membrane
possesses the two materials’ advantages. The inner GMF with
micro-pores absorbs plenty of electrolyte to gain high proton
conductivity; meanwhile, the outer PTFE films with nano-pores
prevent H3PO4 from leaking [53]. Power density achieved
132 mW/cm2 with reformatted gases and oxygen for the integrated
system. However, the total hydrogen producing rate and power
density is limited due to the spatial limitation of themicro-channel.
Therefore, in order to enhance the hydrogen yield and power
density, we enlarge the methanol reformer and added an evapo-
rator to enhance the hydrogen producing rate to provide enough
hydrogen atom for the fuel cell. And the power density has been
increased into 277 mW/cm2 in the current research by the inte-
grated with the aforementioned components.

2. Experimentals

The overall schematic of the hybrid OSRM reformer and PAFC
system and its operation process are shown in Fig. 1. Mixture of
methanol and hydrogen peroxide, served as the fuel, is sent to a
micro evaporator by a tubing pump. Through micro evaporator, the
mixture evaporates rapidly into gas phase. Under 140 �C, hydrogen
peroxide is fully decomposed into oxygen andwater. The mixture is
reformed into hydrogen and carbon dioxide by OSRM reaction in
the reformer. The residual methanol and water is removed by ice
bath. PAFC starts working after anode and cathode is filled with
reformed gases and pure oxygen, respectively.

The design and operation principle of each component are
described in the following sections.

2.1. Micro-evaporator

In this experiment, the integrated RMFC system is configured as
shown in Fig. 1. The chip is placed in a thermal insulation fixture
and use a peristaltic pump at the inlet to introduce the mixture of
methanol and hydrogen peroxide (4:1) into the channel. In the rear
1/3 area of the evaporator [54], heating power is provided by using
a heater. The outlet temperature and the copper wall temperature
above the heater is measured by T-type thermocouples connected
to a data acquisition device for calculating the thermal efficiency
(see Fig. 2). The whole device is schematically shown as Fig. 3(a).
Fig. 1. The schematic illustration o
The micro-channel evaporator used in this experiment is a strip-
shaped fin structure. The evaporator consists of 52 straight run-
ners with a length of 10.8 mm, width of 0.15 mm, and height of
0.1 mm. The result will be compared with the flow channel with
empty-chamber evaporator in the later session. The evaporator is
made of silicon by photolithography and deep silicon dry etching
processes to obtain the flow channel structures as shown in
Fig. 3(b), and the channels are enclosed by a pyrex glass plate
through anodic bonding process.
2.2. OSRM reactor

The catalyst used in the OSRM reactor is a copper-based catalyst,
CuPd/CeZnO, prepared by co-precipitation of metal nitrates in
aqueous solution. After filtering and washing, the precipitate is
dried overnight and calcined in air. The catalyst particle is crushed
and sieved to 60e80 mesh for the preparation of reaction.

The reformer is designed with a swiss-roll flow channel as
shown in Fig. 4(a), and made of aluminum for light weight and high
heat conductivity. The rectangle area beside the flow channel is set
as a heating area. A battery-charge electrical heater is installed on
the area. The heater raises the temperature from room temperature
to the reaction temperature. And a heat-resistant gasket is put
between the flow channel and the cover to avoid gas leakage. The
f the integrated RMFC system.



Fig. 3. (a) The design schematic of evaporator and (b) the fabrication process of evaporator.

Fig. 4. (a)Design schematic and image of Swiss-roll reformer. (b)Test system for OSRM reformer and a micro evaporator.
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whole reaction area is covered by stainless steel. The flow rate,
conversion rate and the CO concentration were measured by the
Gas Chromatography (GC) system as shown in Fig. 4(b).

2.3. Preparation of PAFC

The preparation of the MEA of PAFC is described in our past
study [53]. 20% Pt/Vulcan XC-72 carbon (from Premetek) was
dispersed in distilled water, isopropyl alcohol. 35% PTFE solution is
added to the catalyst ink. After supersonic shocking for dispersing
the catalyst uniformly, catalyst ink was sprayed (via nitrogen) on
carbon clothes (EC-CC1-060 T, from ElectroChem) which was
heated to evaporate solvent. After the platinum loading achieved
1 mg/cm2, and the samples were then left in oven for sintering at
340 �C for 15 min to evaporate solvent totally and melt PTFE for
better catalyst binding.

Before assembly GMF (GF/B, from Whatman) and PTFE film
(from Fulli-Jolli) together, PTFE hydrophilic treatment was carried
out by soaking in methanol under ultrasonic agitation for 15 min to
allow H3PO4 fully absorbed by the nano-pores of PTFE film. GMF
and methanol treated PTFE (mPTFE) were fully loaded with elec-
trolyte by soaking in 150 �C H3PO4 and ambient temperature H3PO4
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for 15 min, respectively. The two films were brought together
carefully from one side to the other to form a three-layer composite
membrane, as the schematic shown in Fig. 5. The active area of the
MEA is 1 cm � 1 cm.

2.4. Test of hybrid reformer and PAFC system

The integrated system includes a micro-evaporator, OSRM
reformer, and PAFC, as shown in Fig. 1 Through a tubing pump,
MeOH and 50w.t.% H2O2 mixture (volumetric ratio ¼ 3:1) is fed at a
volumetric rate of 0.16 sccm into the evaporator which operates at
150 �C. Then the MeOH vapor and decomposed H2O2 (converted
molar ratio MeOH:H2O:O2 ¼ 1:0.68:0.12) is transferred to the
reformer which is heated by a hot plate. The reformer is maintained
at 230 �C, measured by a thermal couple. The residual methanol in
the reformate is then condensed in a cold water bath. Finally, the
hydrogen-rich products flow into the anode of the fuel cell. To show
the difference of the performance using reformate gases or pure
hydrogen as the fuel, 100 sccm pure hydrogen is fed to examine the
effect of the usage of reformate. For the oxidant at the cathode, pure
O2-feeding is kept at 100 sccm during the entire testing. Voltages
from 1.0 V to 0.1 V is measured in steps of 0.05 V and 8 s by a
customized fuel cell test station (Mini50, Hephas, USA). Fig. 8 is the
illustration of the whole system.

3. Results

3.1. Thermal transfer and efficiency of the micro-evaporator

Compared with the empty evaporator, the additional fins of line
evaporator can effectively increase the critical heat flux and delay
the channel dry-out phenomenon. The different behavior between
empty evaporator and line evaporator are shown in Fig. 6. The heat
dissipation fins enable the line evaporator with higher critical heat
fluxes than the empty evaporator. The main reason is that the fins
can limit the size of the bubble and the growth of the dry zone
Fig. 5. The schematic picture and SEM ima
(Fig. 7), whichwould radically decrease the thermal removal ability.
So it comes to the result the line structure design can reach higher
critical heat flux.

The thermal efficiency testing results of the evaporators are
shown in Fig. 8, illustrating the comparison of empty chamber type
and line type evaporators at a heating temperature up to 250 �C.
The line type evaporator can provide a much better heat exchange
efficiency than that of the empty chamber one. The highest effi-
ciency of 63.3% at a heating power of 11 W is also reached by the
line type evaporator.

3.2. Reformatted gases from OSRM reformer

The measurement results of the outlet gases of the reformer is
shown in Fig. 9(a), depicting that 230e250 �C is an appropriate
operation temperaturewhere the conversion rate of the reformer is
relatively high of 70e90% while the CO concentration is still kept at
a low value of 0.5%, suitable for PAFC operation. The figure shows
there still remain some methanol and may cause a decrease to the
open circuit voltage (OCV) of fuel cell. As a result, a cold water bath
is employed to remove most of the residual methanol and water
from the reformate gas. The compositions of the reformatted gases
are shown in Fig. 7(b), showing a roughly 25% and 75% of CO2 and
H2, respectively, generated between 230 and 250 �C.

3.3. Testing of the integrated system

Before comparison, the performance of PAFC was tested by
introducing pure hydrogen as the fuel and operated from 90 �C to
140 �C, as the results shown in Fig.10. Themaximum power density
achieved 485 mW/cm2 at 140 �C. However, the composite mem-
brane degrades severely above 150 �C mainly due to the loss of
hydrophilicity of PTFE [53]. Therefore, the testing condition for the
integration is chosen at 140 �C for the testing of the integrated
reformer-PAFC system. And Fig. S1 shows the composite membrane
is capable to operate stably for 10 h after a initial settlement.
ge of GMF/PTFE composite membrane.



Fig. 6. Heat transfer coefficient for different evaporators as a function of effective heat flux.

Fig. 7. Visual test of line evaporator and empty evaporator.

Fig. 8. Thermal efficiency of evaporators.
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The testing result of the integrated reformate fuel cell system
is shown in Fig. 11. The OCV of the reformate fuel cell system
remained the same as hydrogen fuel cell system, showing little
crossover of fuel and little methanol remained for the successful
removal of residual methanol and water. The peak power density
of the reformate fuel cell illustrated 277 mw/cm2, which was a
43% reduction of that by the pure hydrogen fuel cell system at
the same operation temperature of 140 �C. This reduction may
partially attribute to the impurity of the reformatted gases con-
taining more than 25% CO2 and small amount of CO. It also cause
severe mass transport problem at high current density.
Increasing the operation temperature of the fuel cell may
enhance the CO resistance of electrode, however, it may degrade
the performance of the current fuel cell. An alternative way is
adding a water gas shift (WGS) reaction channel to not only
reduce the concentration of CO but also increase the amount of
hydrogen, which will be considered to implement in the future.
Long-term test is performed and the result is shown in Fig. S2. It
is less stable when compared to the pure hydrogen one because
of the remaining CO and other minor gases, which can be further



Fig. 9. (a)Conversion rate of OSRM reactor (b)Compsotion of the reformate gas.

Fig. 10. Polarization curves and power density of the GMF/PTFE composite membrane operating between 90 �C and 140 �C in a step of 10 �C. 100sccm hydrogen and 100sccm
oxygen is supplied at the anode and cathode respectively.

Fig. 11. Polarization curves and power density of the reformate fuel cell system.
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improved by removing those impurity before the introduction
into the fuel cell.

The performance of the integrated system when compared to
the other studies, including One-stage and two-stage SRM system
by F. Weng et al. [44], low-temperature POM system by H.-S. Wang
et al. [55], and a heat exchange SRM system by G. Schuller et al. [56],
are illustrated in Table 1. It seems the current system can offer
higher peak power density (277 mW/cm2) and more hydrogen
production density (485 mW/cm2) than others with a higher
hydrogen generation rate at a lower temperature (140 �C).
4. Conclusion

In this research, a hybrid reformate fuel cell system, which in-
tegrates an oxidative steam reforming of methanol (OSRM)
reformer, a micro evaporator, and a phosphorus-acid fuel cell
(PAFC), is introduced for direct power generation after surplus
methanol/water filtration. The power density of the integrated



Table 1
Comparison of different integrate system.

Reformer Fuel Rate (sccm) FC T (�C) MR T (�C) Peak Power (mW/cm2) Hydrogen (mW/cm2)

This Study OSRM 0.16 140 230 277 485
F. Weng One-Stage 0.25 200 200 200 344

Two-Stage 0.42 200 240/200 250 344
H.-S. Wang LTPOM 45a 140 180 132 288
G. Schuller SRM e 180 250 216 e

Note. FC T ¼ Fuel Cell Temperature; MR T ¼ Mathonal Reformer Temperature. aReformed Gas Flow Rate.
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system has achieved 277 mW/cm2 under a operation condition at
140 �C for fuel cell and 230 �C for the methanol reformer with a
feeding rate of fuel at 0.16 sccm, which would be suitable for the
application of direct power generation.
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