Materials Sciences and Applications, 2014, 5, 1020-1026 .0:0 Scientific
Published Online December 2014 in SciRes. http://www.scirp.org/journal/msa ‘0::0 Research
http://dx.doi.org/10.4236/msa.2014.514104

Nanoporous Silicon-Based Ammonia-Fed
Fuel Cells

Tayyar D. Dzhafarov?, Sureyya Aydin Yuksel2, Mustafa Aydin2

Ynstitute of Physics, Azerbaijan National Academy of Sciences, Baku, Azerbaijan
2Department of Physics, Yildiz Technical University, Istanbul, Turkey
Email: caferov@physics.ab.az, sureyya.aydin@gmail.com

Received 2 October 2014; revised 29 October 2014; accepted 16 November 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

The objective of the paper is to report results on fabrication, structural, morphological and per-
formance characteristics of novel TiO,/PS/Si, Au/TiO,/PS/Si and Au/PS/Si direct ammonia fuel
cells (DAFC) using nanoporous silicon (PS) as proton conducting membrane (instead of traditional
polymer Nafion membrane) and TiO2, Au/TiO; or Au as catalyst layer. Porous silicon layers have
been prepared by electrochemical modification of silicon substrates. Films containing titanium
dioxide are more efficient catalysts for hydrogen production from ammonia solution. The Au/
TiO2/PS/Si cell exhibited the open circuit voltage 0.87 V and performance of 1.6 mW/cm? with
50% ammonia solution as fuel at room temperature. Mechanisms of proton transport in nano-
porous silicon membrane and generation of electricity in DAFC have been considered. Advantages
of investigated direct ammonia fuel cells consist in simplicity of fabrication technology, which can
be integrated into standard silicon micro fabrication processes and operation of cells at room
temperature. The work demonstrates that the PS based fuel cells have potential for portable ap-
plications.
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1. Introduction

Different types of hydrogen fuel cells have been intensively investigated as the effective sources of clean elec-
tric energy. Hydrogen is most preferred fuel but direct use of hydrogen in fuel cells meets a number of problems.
Hydrogen does not exist naturally and its production, store and transportation meet difficulties. Moreover, hy-
drogen has a low energy density in comparing with the hydrogen-containing compositions (methanol, ethanol,
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ammonia etc.). Direct methanol fuel cell (DMFC) with proton conducting polymer membrane (Nafion) is con-
sidered as the promising type of fuel cell for small power-supply units. Platinum catalyst on the DMFC anode
extracts hydrogen from liquid methanol. This process eliminates the need for fuel reformer for hydrogen pro-
duction and allows using the methanol solution as a fuel. But DMFC has disadvantage due to moderate operat-
ing temperature (about 100°C) and formation of CO pollutant gas. Moreover, the fabrication of DMFC with or-
ganic polymer membrane as proton conductors is not readily integrated with standard micro-fabrication tech-
nique that is widely used in production of most electronic devices.

Ammonia (NH5) containing 17% hydrogen by weight is carbon-free, not explosive, not corrosive, nor highly
flammable and it is being considered as a very promising source of hydrogen for fuel cells [1]. Energy density of
ammonia (13.6 GJ/m®) is larger than that for hydrogen (3.6 GJ/m®). Ammonia can be produced commercially in
large quantities. Ammonia has proven to be problematic for PEM fuel cells with Nafion membrane since both
the conductivity of the membrane and the activity of the catalysts are adversely affected by trace ammonia in the
fuel cells. Ammonia as hydrogen source was used for solid oxide fuel cells (SOFC). However, direct ammonia
solid oxide fuel cell (DASOFC) operating at sufficiently high temperatures (600°C - 800°C) has received little
attention until now [1]-[5]. It should be noted that the energetic expenses necessary for supporting of high oper-
ation temperatures result in a loss in efficiency for the SOFC system as a whole. Possibility of use of nanopor-
ous gold electrode as effective anode catalyst for ammonia borane (AB-NH3BN3) oxidation reaction was studied
in [5].

To overcome above disadvantages, we used the nanoporous silicon layer as proton-conducting membrane and
TiO,, Au/TiO, or Au films as anode catalyst. Existence of pores with huge surface (up to 800 m?/cm?®) deter-
mining large ion (proton) conductivity along the pores opens new perspectives for using porous silicon-based
structures as hydrogen fuel cells. Porous silicon technology can be integrated into standard silicon micro fabri-
cation processes. Previous studies devoted to fuel cells with the porous silicon membrane have been focused on
direct methanol fuel cell [6] [7] sodium borohydride and hydrogen sulphide cells [8] [9]. To best of our know-
ledge, data on direct ammonia fuel cell with porous silicon electrolyte lack in literature.

This pioneer paper reports on fabrication details, structural and morphological properties of porous silicon and
room temperature performance characteristics of new type direct ammonia fuel cell using proton conducting
porous silicon membrane and TiO,, Au/TiO, or Au as catalyst.

2. Experimental

Porous silicon layers with thickness of 10 - 40 pum and average porosity from 50% to 70% were prepared on n-
type monocrystalline (111) Si substrates with resistivity of 1 x 1072 Q-cm by anodic etching in hydrofluoric-
ethanol solution under the white light illumination [9]. For some measurements the PS films were then detached
from Si substrate by electro-polishing. The free-standing PS films were characterized by porosity and thickness
measurements. The average porosity, i.e. the void fraction in the porous layer was measured by gravimetry tech-
nique. Morphological characterizations of the porous silicon surface were performed by scanning electron mi-
croscopy (SEM; JSM-5410LV). The crystalline structure of porous silicon layers was studied by X-ray diffrac-
tion (XRD) measurements (Pananalitical Diffractometer, Philips, CuK,;, A = 0.15406 nm).

The TiO,/PS/Si cells have been obtained by deposition of thin titanium dioxide film (about of 150 nm) on
PS/Si by using Titanium isopropoxide (TTIP)-Ethanol solution and spin coating technique. These structures
have been treated at 450°C for 30 min in air ambient. The Au/PS/Si and Au/TiO,/PS/Si structures were fabri-
cated by evaporation of a thin Au film onto the PS/Si and TiO,/PS/Si surface respectively at room temperature
by using the electron-beam technique in vacuum of 1.3 x 10 ® Pa. The thickness of the deposited Au film was of
150 nm as obtained by the measurements during evaporation with the aid of a deposition controller (Inficon,
Leybold). Electrical measurements of fuel cell characteristics were carried out using ammonia solution
(NHs:H,0) of different concentrations.

The current-voltage characteristics, open-circuit voltage (Vo) and short-circuit current density (J) of the
TiO,/PS/Si, Au/TiO,/PS/Si and Au/PS/Si cells were measured at room ambient (300 K, 40% RH) as well as in
ammonia solution in measuring cell (300 K). The ammonia-stimulated generation of the open-circuit voltage
and short-circuit current between the contacts to Au or TiO, film and Si substrate was measured directly by dig-
ital multi-meter (Thurlby-1503). The relative humidity of air was measured with hygro-thermometer (Extech-
44470). The photosensitive properties of the investigated cell structures were analyzed by measuring cur-
rent-voltage characteristics in the dark and in daylight. All the cells exhibited weak photosensitivity and there-
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fore ammonia-stimulated measurements of current-voltage characteristics were performed under daylight condi-
tions.

3. Results and Discussion

Figure 1 illustrates the SEM image of the PS, Au/PS and TiO,/PS surfaces. Here the bright islands and relative-
ly dark regions are the tops of silicon walls and intervals containing no of PS, respectively (Figure 1(a)). The
larger dimensions of the bright islands on Au/PS surface than on the PS surface may be caused by 2 - 3 neigh-
boring islands covered by unbroken gold film (Figure 1(b)). SEM image of TiO,/PS surface is just like to PS
surface image (Figure 1(c)). Figure 2 shows the X-ray diffraction patterns of monocrystalline Si substrate and
porous silicon layer of 64% porosity. It is seen that the crystalline structure of porous silicon layer is similar to
that of nearly perfect monocrystalline Si. Nature of peaks about at 39° and 65° in silicon can be tentatively attri-
buted to SiC inclusions [10]. Lattice parameter of the porous silicon layer (0.5528 nm) was slightly bigger than
that of silicon substrate (0.5456 nm). It can be caused by the lattice deformation of porous silicon.

Figure 3 shows the room temperature current density-voltage characteristics of four different types of struc-
tures with ammonia solution (50%) as fuel: 1) Au/TiO,/Si structure without porous layer; 2) Au/PS/Si and 3)
TiO,/PS/Si cells with porous silicon layer and with single catalyst (Au or TiO, respectively) and 4) Au/TiO,/
PS/Si cell with double catalyst layers. It can be seen clearly from Figure 3 the short circuit current density for (3)
TiO,/PS/Si and (4) Au/TiO,/PS/Si cells is almost equal. The open circuit voltage for these cells (0.67 and 0.87 V,
respectively) is well over than that for Au/PS/Si cell (0.35 V). The Au/TiO,/Si structure without porous silicon
layer (curve 1) is very weakly sensitive to ammonia fuel. Thus the catalytic layer containing TiO, plays main
role in determining of electrical parameters of cells. Below will be presented mainly results of investigation of
electrical characteristics of TiO,/PS/Si cells with single catalyst layer taking into account theirs nearness to cha-
racteristics of Au/TiO,/PS/Si cells with double catalyst layers and simplicity of technology fabrication of cell
with single catalyst TiO, film.

Figure 1. SEM micrographs of (a) PS; (b) Au/PS and (c) TiO,/PS surfaces.
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Figure 2. XRD patterns of (a) silicon substrate and (b) porous silicon layer.
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Figure 3. Current density-voltage characteristics of (1) Au/TiO,/Si, (2) Au/

PS/Si, (3) TiO,/PS/Si and (4) Au/TiO,/PS/Si cells with 50% ammonia solu-
tion as fuel (300 K).

The current density-voltage characteristics of TiO,/PS/Si cell with ammonia for different concentrations at
room temperature are presented in Figure 4. It is seen that increase of ammonia concentration in the range 0% -
50% is accompanied by increase of both the open circuit voltage and short circuit current density. Moreover,
TiO,/PS/Si cells produced the electricity (Vo = 0.63 V, J = 0.8 mA/cm?) with clear water. It should be noted that
AuU/TiO,/PS/Si and Au/PS/Si cells also showed characteristics of direct water fuel cell.

Figure 5 shows the performance of the Au/TiO,/PS/Si and TiO,/PS/Si cells operating with 50% ammonia
solution fuel and the Au/TiO,/PS/Si cell with water fuel. The maximum power density of the Au/TiO,/PS/Si and
TiO,/PS/Si cells operating at room temperature are 1.6 mW/cm? and 1.2 mW/cm? respectively. The lower per-
formance of 0.25 mW/cm? was obtained for Au/TiO,/PS/Si cell with water fuel (Figure 5, curve (3)).

Thus the following experimental results were obtained on investigating the electrical characteristics of porous
silicon based fuel cells operating at room temperature with ammonia solution as fuel.

a) The TiO,/PS/Si, Au/TiO,/PS/Si and Au/PS/Si cells showed direct ammonia fuel cell properties at room tem-
perature.

b) The open circuit voltage and short-circuit current density of cells increase with increase of ammonia concen-
tration in the range 0% - 50%.

¢) Titanium dioxide containing catalysts play the main role in determining of electrical parameters of cells. The
electrical parameters of Au/TiO,/PS/Si and TiO,/PS/Si cells with ammonia solution as fuel (P = 1.6 mW/cm?,
Vo = 0.87 V,J = 3.3 mA/cm?and P = 1.2 mW/cm?, V. = 0.67 V, J = 3.2 mA/cm? respectively, for 50 % NH;
fuel) are higher than those for Au/PS/Si cells with only Au catalyst (V. = 0.35 V, J = 0.9 mA/cm?).

d) The investigated cells also showed properties of direct water fuel cell at room temperature. The Au/TiO,/
PS/Si cell generated the electricity (P = 0.25 mW/cm?) with water as fuel.

We suggest that the mechanism of the generation of the electricity in investigated cells is similar to proposed
early mechanism generation for Au/PS/Si cell exposed directly hydrogen or hydrogen-containing composition as
fuel [9]. Herewith TiO,, Au/TiO, or Au films play the role of the catalytic anode for TiO,/PS/Si, Au/TiO,/PS/Si
or Au/PS/Si cell respectively. The porous silicon layer acts as proton-conducting membrane and the PS/Si inter-
face which is very imperfect and stressed plays the role of the cathode. Data of Figure 3 and Figure 5 related
with best electrical parameters of Au/TiO,/PS/Si cell in comparing with those for TiO,/PS/Si and Au/PS/Si cells
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Figure 4. Current density-voltage characteristics of TiO,/PS/Si cell with (1)
H,0, ammonia solutions of (2) 1%, (3) 10%, (4) 20%, (5) 50% (300 K).
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Figure 5. Power density versus current density curves: (1) Au/TiO,/PS/Si and
(2) TiOy/PS/Si cells with 50% ammonia solution fuel, (3) Au/TiO,/PS/Si cell
with water fuel (300 K).

one can to comment as result of more efficient hydrogen production from ammonia solution for double Au/TiO,
catalyst film. Electrochemical reactions proceeding in direct ammonia fuel cell with porous silicon proton-con-

ducting can be expressed as [11]:
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At the anode: 2NH, - 3H, + N, (1)

3H, —> 6H" +6e” (1)

At the cathode : 3/20, +6e~ — 30° )

6H" +30° — 3H,0 (2a)

The overall reaction: 2NH, +3/20, - N, +3H,0 3

Electrons and protons formed in the Au/TiO,, TiO, or Au catalyst film pass through the external circuit and
PS membrane, respectively, and reach the cathode (PS/Si interface). Here the hydrogen and electron is recom-
bined producing hydrogen molecule which reacts with oxygen to form water molecules.

It is evident that the open circuit voltage produced in Au/TiO,/PS/Si direct ammonia fuel cell was sufficiently
large whereas values of the short circuit current density and thereby the cell performance were lower than those
presented for direct ammonia SOFC operating at higher temperatures [2]-[4]. This may be caused (besides low
temperature operation of presented porous silicon based cells) also by the low proton-conductivity of porous sil-
icon membrane. It is known that structure of porous silicon is like a sponge or columnar and pore surfaces are
covered by silicon hydrides (Si-H) and silicon oxides (Si-O). We suppose that the proton conductivity in PS
layer is mainly realized via broken bonds of Si-H. Our estimation value of the proton conductivity of porous sil-
icon layer with use the data on diffusion coefficient of hydrogen in PS [12] gave about 12 - 15 mS/cm which is
lower than proton conductivity of Nafion membrane (about 40 mS/cm) which is used in DMFC [13]. The in-
crease of proton conductivity porous silicon membranes and thereby improvement of performance of DAFC can
be actualized by using of PS filled with acidic solutions (HCI, H,SO, etc.) to partially oxidize the pore surfaces.
We are presently searching for more efficient oxidization of pores surfaces.

4. Conclusion

Thus, preparation and characterization of novel direct ammonia fuel cell using porous silicon proton conduction
membrane, TiO, or Au/TiO, layer as catalyst and ammonia solution as fuel was demonstrated in this report. The
open circuit voltage of 0.87 V and power density of 1.6 mW/cm? were achieved for Au/TiO,/PS/Si fuel cell op-
erating at room temperature. Moreover, the investigated type of fuel cells generated the electricity also with wa-
ter as fuel at room temperature. Advantages of investigated direct ammonia fuel cells consist in simplicity of fa-
brication technology, which can be integrated into standard silicon micro fabrication processes and operation of
cells at room temperature. Further improvement of performance of porous silicon based DAFC are still needed
for portable applications.
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