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Abstract. Our first fuel cell prototype with a novel Au-Pd-Pt catalyst successfully demonstrated
power generation. In order to reduce amount of platinum group metals and obtain high CO
tolerance, electrochemical atomic layer depositions of Pd and Pt were applied on the porous Au.
5 ML Pd and sub-ML Pt deposition was attempted and amounts of Pd and Pt were
electrochemically estimated to be 125 pg/cm? and 6 pg/cm?, respectively. No catalyst poisoning
to 100 ppm CO was observed during the power generation. Though the peak power was poor
around 100 mW/cm?, results were satisfying for the first prototype.

1. Introduction

Fuel cells have been developed for local energy supply, because high efficiency is expected even in a
small scale system and low temperature. Portable electronic devices now demand higher performance
power sources and we have studied miniaturization of fuel cells with MEMS techniques. Then, we
proposed fuel cells with monolithically fabricated Si electrodes as shown in figure 1' and promising
performance more than 450 mW/cm? was demonstrated 2. However, Pt amount in the catalyst layer was
3.6 mg/cm® and we had to reduce the Pt usage. Besides, recent improvements of Li-ion battery are
lowering expectation to miniature fuel cells. The advantage of the fuel cell, i.e. clean and efficient energy
source, should be strengthened.

Biomass is one of ultimate energy sources and hydrogen can be produced by gasification of the biomass.
But high CO concentration in the biomass derived hydrogen is problematic because of Pt catalyst
poisoning. At PowerMEMS 2013, we reported that our Pd-Pt catalyst had promising features®. The
catalyst was formed using electrochemical ALD (Atomic Layer Deposition) of Pt on porous Pd. Amount
of Pt was successfully reduced to 6pg/cm* and no power drop was observed during 30 minutes power
generation test with hydrogen containing 100 ppm CO supply. However, the Pd-Pt catalyst uses 1.5
mg/cm? of Pd and reduction of Pd amount was required. Besides, the fuel cells often broke during the
power generation tests. Figure 2 shows the collapses of the catalyst layer and the porous Pd collapses
were supposed to be induced by repetition of hydrogen adsorption and release. Then, as shown in figure
3, we proposed the Au-Pd-Pt multilayer catalyst with porous Au core structure to suppress hydrogen
adsorption and electrochemical ALD technique to fabricate Pd-Pt layered structure on an Au wire was
reported at PowerMEMS 2016, In this study, the electrochemical ALD was applied to porous Au layer
formed on a Si substrate and construction of a fuel cell was attempted.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Figure 1. Miniature fuel cell with monolithically Figure 2. Top view SEM images of the Si

fabricated Si electrodes. Porous catalyst layer was formed
on a Si substrate, and fuel channels were opened by
plasma etching.

electrodes with Pd-Pt catalyst. (a) before power
generation test and (b) after the performance drop
in the test.
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Figure 3. History of our catalyst layer structure. (a) initial Pt catalyst,
(b) Pd-Pt catalyst and (c) novel Au-Pd-Pt catalyst.
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Figure 4. Schematic of the electrochemical ALD. Initially, Pd UPD
is performed on Au. Then, repetition of H-UPD-SLRR is performed.

obtained by anodization in a

solution containing HF. The porous Si was immersed in 20 mM NaOH solution for 300 s to remove
micro porous layer on the surface and was immersed in HF solution again to remove oxide. Finally, the
porous Si was immersed in Au solution for 15 minutes and porous Au was obtained by replacement
reaction of Si to Au.

2.2 Electromechanical Atomic Layer Deposition(ALD)

In order to realize precise metal deposition, electrochemical ALD was employed. Figure 4 shows the
schematic of the Pd deposition. Initial Pd ML can be deposited by Pd under potential deposition (UPD)
and following Pd depositions are performed by H-UPD-SLRR (Surface Limited Redox Replacement)’.
In this process, formation of a monoatomic layer of hydrogen on porous Pd is expected by under
potential deposition. Then, the deposited hydrogen is replaced to Pd galvanically, and a sub-ML Pd is
expected to deposit on Pd. To obtain 5 ML of Pd, 16 times iteration of this process was required in the
previous study using Au wire, and identical iteration was applied to the porous layer in this study. Finally,
identical H-UPD-SLRR process was applied for deposition of sub-ML Pt.

Detailed conditions of the process were listed in table 1. Mercury-mercurous sulfate electrode (MSE)
was used as a reference and a Pt wire were used as a counter electrode. The Si electrode chip with the
porous Au was masked by plating tapes to protect opposite side of the catalyst layer, and the Si chip was
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immersed in a plating solution. Initial Pd UPD on porous Au was performed by applying +80 mV (vs.
MSE) for 30 minutes in a solution of 0.5 mM PdCl, + 1 mM HCI + 0.1 M HCIlO4 and subsequent H
UPD was performed by applying -600mV. Then, the electrical circuit was opened until the electrode
potential reached OmV. This process was repeated to obtain 5 ML Pd. Then the solution was switched
to 0.1 mM H,PtCls + 0.1 M HCIO4 and sub-ML Pt deposition was performed.

3. Characterization of the Au-Pd-Pt catalyst layer and power generation test
Following the above described procedure, porous Au based catalyst layers were formed on Si chips and
characterization of the porous layers were performed.

3.1 Elemental analysis

After the formation of the catalyst layer, specimen chip was cleaved and the cross section was observed
using FE-SEM with EDS (Energy dispersive X-ray spectroscopy) (JEOL Ltd., JSM-7600F). Figure 5
shows the results of EDS analysis. Bright area in figure 5(a) is the porous catalyst layer. Strong Au
signal was observed while almost no Si signal was detected in the catalyst layer. Figure 5(d) shows the
Pd signal. Though slight strong Pd signal was observed at the top surface, almost uniform Pd signal was
observed over the porous layer and the uniformity suggested that the electrochemical ALD worked
successfully. Though Pt deposition was also performed, amount of Pt must be quite small and the
characteristic X-ray spectrum of Pt is almost identical to Au spectrum. Therefore, Pt mapping was not
available.

3.2 Formic acid oxidation

Electro-oxidation of formic acid is sometimes used to evaluate the CO tolerance of the fuel cell catalyst
because the oxidation process involves the formation of CO before completion of oxidation to COs.
Therefore, the Si electrode chips with the porous catalyst layer were immersed in the formic acid
solution and electro-oxidation of formic acid was performed by applying constant electrode potential.
Figure 6 shows the time variation of oxidation currents. Red lines are the results with the novel Au-Pd-
Pt porous catalyst, while black lines are the results with our conventional porous Pt catalyst. Larger
currents were observed at two different electrode potentials and higher catalytic activities were expected
with the Au-Pd-Pt catalyst.

it - - : A
Figure 5. EDS elemental mapping of cross section of the novel Au-Pd-Pt catalyst layer. (a) SEM image, (b)
Au, (¢) Si and (d) Pd.

Table 1. Conditions for Pd and Pt depotition by H-UPD 200 T erert e ]
SLRR on porous Au — Pteatalyst
Pd deposition o4
Working electrode Porous Au E
Reference electrode MSE =
Counter electrode Pt wire =
solution 0.5mM PdCl+ ImMHCH0. IMHCIO, g1oo
H-UPD potential [mV (vs.MSE)] -600 =1 -300mV(vs. MSE),
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Ptdeposition | | TTTmmme——— J0qmV(rs. MSE)
Working electrode Porous Au-Pd \..,___A -300mV(vs. MSE)
Reference electrode MSE e
Counter electrode Pt wire 0 1200 Time/ s 2400 3600
solution 0.1mM H,PtClg +0.1IM HCIO4
S f_:;};altz: [SS‘MSE)] 6? 0 Figure 6. Oxidation current variation along
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Figure 7. Polarization curves obtained with anode catalyst of (a) Pt and (b) the ~ 'M38¢S of the Si electrodes after
novel Au-Pd-Pt the power generation test.

3.3 Power generation with a prototype fuel cell

Following our conventional procedure except the formation of the novel Au-Pd-Pt catalyst layer,
fabrication of the miniature fuel cells was attempted. To open the fuel channels, plasma etching was
applied from opposite side of the porous catalyst layer. Compared to porous Pt, plasma etching rate of
the porous Au was larger than our conventional porous Pt and plasma etching time was carefully
determined to avoid damage to the catalyst layer. Finally, a prototype fuel cells was made. The fuel cell
had the novel Au-Pd-Pt catalyst on one side and a conventional porous Pt catalyst on the other side.
Power generation was performed at 313K with oxygen supply. Initially, pure hydrogen was supplied.
Then, the gas supply was switch to hydrogen containing 100 ppm CO was supplied. Polarization curves
were obtained at just before the gas switch and 30 min after the switch, respectively. During 30 min of
hydrogen containing CO supply, power generation was maintained with output voltage at 600 mV.
Figure 7(a) shows the results when the porous Pt was used on hydrogen side and the Au-Pd-Pt was used
on oxygen side. Figure 7(b) shows the results with opposite combination when the Au-Pd-Pt was used
on hydrogen side and the porous Pt was used on oxygen side. No performance drop was observed with
CO in figure 7(b) and it was found that the novel Au-Pd-Pt had high CO tolerance. It was also found
that relatively high output was observed when the Au-Pd-Pt was used as a cathode catalyst which needs
high catalytic activity. Figure 8 shows the top view of the Si electrode with the Au-Pd-Pt catalyst layer
after the power generation test. Different from the Pd-Pt catalyst, no obvious damage was observed.

4. Conclusion

In this study, Au-Pd-Pt catalyst proposed at PowerMEMS 2016 was realized on porous Au layer using
electrochemical ALD. Uniform Pd signal over porous layer in EDS analysis and high oxidation currents
in formic acid oxidation suggested successful formation of Au-Pd-Pt multilayer. Finally, a prototype
fuel cell was fabricated and promising results for high CO tolerance and significant reduction of Pt-Pd
amount were obtained. Further optimization will be performed for higher power density.

5. Referances

[1] Hayase M, Fujii T, and Brito-Neto, José G A 2011 J. Electrochem. Soc. 158 B355-B359

[2] Kobayashi M, Suzuki T, and Hayase M 2014 J. Power Sources 267 622-628

[3] Ogura D, Suzuki T, Katayama N, Dowaki K and Hayase M, 2013 Proc. PowerMEMS2013
012066

[4] Shirai R, Vasiljevic N and Hayase M 2016 Proc. PowerMEMS2016 012096

[5] Brito-Neto José G A, Kondo K and Hayase M 2008 J. Electrochem. Soc. 155 D78-D82

[6] Natariya J, Fayette M, Dimitrov N and Vasiljevic N 2013 Electrochimical Acta 112 813-823

Acknowledgement
This study was supported by JSPS Kakenhi Grant Number 17K05022.



	MAIN MENU
	Help
	Search
	Print
	Author Index
	Keyword Index
	Table of Contents


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20140918080338
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

 HistoryList_V1
 qi2base



