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Abstract The reaction of NH; decomposition was stud-
ied on Ag in a proton conducting double chamber cell-
reactor. The proton conductor was a strontia-ceria-ytterbia
(SCY) perovskite of the form SrCegs5YbggsO3_,. The
reaction was studied at 350-700 °C and atmospheric total
pressure. The proton transference number (PTN) was cal-
culated by simultaneous measurement of the imposed
current and the proton flux and it was found to vary
between 0.5 and 0.7. The effects of imposed current,
temperature and inlet gas composition on the reaction rate
and the PTN, were examined. Although the faradaic effi-
ciency (A) remained near unity in all experiments, reaction
rate enhancements (p) as high as 57 were achieved. An up
to 90% decrease in the activation energy of the reaction
was observed when protons were electrochemically
“pumped” away from the catalyst.

Keywords NH; decomposition - Proton conductor -
Silver electrode

1 Introduction

Because of the importance of ammonia synthesis, the

reverse reaction of ammonia decomposition has been
studied extensively on several metals but mainly on the
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industrial catalysts, Fe and Ru [1-3]. Recently, the reaction
has attracted considerable attention as ammonia is a can-
didate fuel for storing hydrogen for fuel cell applications.
Ammonia contains no carbon and thus, the produced
hydrogen is COy free. This is of major importance for low
temperature fuel cells such as the Proton Exchange Mem-
brane Fuel Cell (PEMFC) and the Alkaline Fuel Cell
(AFC). For such applications, ammonia is considered to be
a better fuel than methanol [4]. Furthermore, ammonia can
store more hydrogen than methanol on a mass basis (17.5%
vs. 12.5%). Also, theoretical studies have shown that a fuel
cell fueled with H, produced from NHj; decomposition
constitutes an economically feasible process if hydrogen
storage and transportation are taken into account [5].

Moreover, ammonia can be used directly as a fuel in
Solid Oxide Fuel Cells (SOFCs) utilizing either 0>~ [6] or
H* conductors [7, 8]. Compared to the O>~, the H* con-
ducting SOFC seems to be advantageous because ammonia
cannot be oxidized to produce NO4 and thus, the only by-
products of the fuel cell are water and nitrogen.

In the present work the reaction of ammonia decom-
position was studied on Ag electrodes in a proton
conducting double-chamber reactor cell. Additionally, the
proton transport numbers (PTN) were measured under the
employed conditions.

2 Experimental

The reaction was studied in a double-chamber cell-reactor
as illustrated in Fig. 1. A strontia-ceria-ytterbia (SCY)
perovskite disk of the form SrCeq 95Ybg 0s0O5_,, was used as
a proton conductor. The disk thickness was about 1.3 mm
and its diameter was 24 mm. The disk was supplied by
CERECO (Greece) and was prepared according to the
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procedure followed by Iwahara et al. [9]. The disk was
sealed at the bottom end of a 150 mm long yttria stabilized
zirconia (YSZ) tube (16 mm ID, 19 mm OD), using a
BaO-SiO, glass sealing. The YSZ tube with the disk were
enclosed in a 20 cm long quartz tube (38 mm ID, 42 mm
OD), closed at its bottom end.

On the two sides of the SCY disk, two porous Ag
electrodes were deposited. The working electrode was
deposited on the inside surface of the disk (Fig. 1) and had
a superficial surface area of approximately 2 cm?®. The
counter electrode was deposited on the outside surface of
the disk and had a superficial surface area of approximately
5 cm?. Both electrodes were prepared by painting the SCY
surface with a silver conductive ink (Alfa Aesar, #41823),
followed by calcination in air, for 1 h at 500 °C and then,
for 2 h at 750 °C. The catalyst loading for the working
electrode was 16 mg. Scanning Electron Micrographs
showed that the average diameter of the Ag crystallites was
about 0.5 pum. Using this average size and the mass of the
catalyst, a catalytic surface area of 180 cm? was calculated.

Ammonia diluted in helium (99.999% purity) was fed to
the inner chamber of the reactor i.e. inside the YSZ tube,
while argon was flowing in the outer chamber. The volu-
metric flowrate of the reaction mixture varied from 10 to
20 mL STP min~!, while that of argon from 5 to
20 mL STP min~". Analysis of the inlet and outlet gaseous
stream of either chamber was performed by on-line gas
chromatography using a HP 5890 series II gas chromato-
graph with a thermal conductivity detector, equipped with
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Fig. 1 Schematic diagram of the H conducting double-chamber cell-
reactor (1): Quartz tube, (2): YSZ tube, (3): Proton conductor (SCY) (4):
Glass sealing, (5): Counter electrode, (6): Working electrode
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a Molecular Sieve 5A and a Hayesep Q columns. Currents
and voltages across the cell were imposed using a 2053
AMEL Galvanostat-Potentiostat.

One of the applications of H conductors is their use as
ionic (protonic) pumps. For a pure H* conductor, the molar
flux of hydrogen through the cell is calculated according to
Faraday’s law and is equal to I/2F moles of H, s ', where I
is the imposed current. For a mixed conductor the PTN has
to be measured in order to calculate the hydrogen flux.

The change in the rate of hydrogen production at the
cathode can be compared to I/2F, the rate of electrochemical
transport of hydrogen through the solid electrolyte. To this
end, two dimensionless factors, A and p, have been intro-
duced by Vayenas et al. [10, 11]:

Ar

=T (1)
2F

and
r

p = g (2)

where r, 1, are the electrocatalytic (closed circuit) and
catalytic (open circuit) reaction rates and Ar is the induced
change in the catalytic rate of hydrogen production or
consumption (in moles per second). When Ar is equal to
the rate of H" transport through the solid electrolyte, the
cell operation is Faradaic, i.e. A = 1. It has been observed
in several cases, however, that A can exceed unity. This is
the case of Non-Faradaic Electrochemical Modification of
Catalytic Activity (NEMCA effect). This effect has been
attributed to changes in the catalyst work function caused
by ionic pumping [10, 11].
If a mixed conductor is used, Eq. 1 is modified as:

Ao Ar 3)

I
L PTN

where I, is the measured electrical current.

3 Results

The decomposition of NH; was studied at 350-700 °C and
at atmospheric total pressure under both open and closed
circuit conditions. Ammonia—helium mixtures were fed in
the reactor and in order to avoid mass transport effects, the
partial pressure of ammonia, Pny,, was kept below 2 kPa.
In the closed circuit experiments, the reaction was studied
galvanostatically, i.e. upon imposing constant positive or
negative currents through the cell. Arbitrarily, a current
was considered positive when protons were “pumped”
away from the working electrode (inside surface of the
SCY disk, Fig. 1).
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For SCY, the PTN values reported in the literature vary
considerably [12—15]. Thus, separate measurements had to
be performed in order to measure the electrochemical
hydrogen flux under the employed conditions. In order to
do that, the exit stream from the outer chamber was con-
nected to the GC. It was then possible to measure the
concentration of H, (and consequently calculate the
hydrogen flux) in the outer chamber. The PTN was cal-
culated by dividing the measured flux by I/2 - F. Figure 2
shows the dependence of PTN on current density (mea-
sured current density) at various temperatures between 500
and 700 °C and for Py, = 2 kPa. It can be seen that at
500-600 °C the PTN varies from 0.6 to 0.7. At tempera-
tures between 350 and 450 °C (not shown in Fig. 2), PTN
increased with current density from 0.3 to 0.6.

At 650 and 700 °C the curves exhibit a maximum at
about 1-1.5 mA cm_z; at higher currents, PTN decreases
rapidly. This decrease in PTN was accompanied by the
production of NO at the anode. The production of NO was
attributed to the reaction of NH; with the perovskite oxide
rather than with gaseous O, (inevitably there was an oxy-
gen leak in the anode chamber), because the concentration
of O, was very low, less than 100 ppm. In a separate set of
experiments, it was found that the long term operation
under such conditions decreased significantly the cell
performance and finally resulted in its complete
deterioration.

Figure 3 shows the effect of Pyy, on PTN at 600 °C. At
current densities up to 2 mA cm 2, there is a positive
effect on PTN, while at higher current densities the PTN
decreases. This negative effect is more pronounced at
lower Pnp, .

Figure 4 shows the open circuit catalytic rates obtained
for Pnyg, = 2 kPa at various temperatures. At temperatures
below 500 °C, the reaction rate was negligible and thus, the
data are not presented in the figure. Also, “blank”
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Fig. 2 Dependence of proton transference number (PTN) on current
density (I) at various temperatures. Pny, = 2 kPa
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Fig. 3 Dependence of proton transference number (PTN) on current
density (I) at various ammonia partial pressures. T = 600 °C

experiments performed in the absence of the Ag electrode
showed that the YSZ tube is inactive for this reaction at
temperatures below 650 °C.

Figure 5a, b and c, illustrate the dependence of the reac-
tion rate on the electrochemical hydrogen flux, at
temperatures between 350 and 700 °C and at Pxy, = 2 kPa.
It should be pointed out that the value of I/2F is the “true”
hydrogen flux through the solid electrolyte, i.e. I = I; x
PTN. In all cases the reaction rate increases significantly with
current. It can also be seen (Fig. 5a and b) that at tempera-
tures below 500 °C, the open-circuit (catalytic) rate was
negligible.

The effect of Pny, is presented in Fig. 6. The reaction
rate is plotted versus I/2F at 600 °C. The reaction rate
increases with current in all cases. From the data of this
figure, Fig. 7 can be constructed, where the logarithm of
Inh, is plotted versus the logarithm of Pyy,. According to
Tamaru [16], at high temperatures and low hydrogen
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Fig. 4 Temperature dependence of the open-circuit rate of NHj
decomposition. Pyg, = 2 kPa
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Fig. 6 Dependence of reaction rate on rate of proton removal from
the catalyst surface at various ammonia partial pressures. T = 600 °C

partial pressures, the ammonia decomposition follows
power law kinetics:

rNH3 =k- PNH3 app (4)

where qupp is the apparent reaction order. Thus, from the
linear fit of the data of Fig. 7, qapp can be calculated. The
results presented in Table 1 show that the highest qqpp is
that obtained under open circuit. Furthermore, the lower
the value of the current the greater the deviation from the
open circuit value.

The dependence of the faradaic efficiency, A, and the
corresponding rate enhancement ratio, p, on I/2F, is

@ Springer
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Fig. 7 Logarithmic dependence of reaction rate on Pyy, at various
currents. T = 600 °C

Table 1 The apparent reaction order (g,,,) calculated at 600 °C
under both, open and closed circuit conditions

I(mA) 0 1 2 4

08+£01 003+0.01 0.124£0.02 0.39 % 0.03

Qapp

presented in Fig. 8. Upon “pumping” protons away from
the working electrode (catalyst), p increases while A
decreases. This behaviour was observed at all temperatures
examined. Although the maximum value of p is 57, i.e.
there is an up to 5600% increase in the catalytic rate, A
hardly exceeds unity.



J Appl Electrochem (2008) 38:1143-1149

1147

1.5 60

1.0 | 4 40
A p

0.5 | =420

P =2kPa
T =500°C
0.0 " 1 " 1 " 1 " 0
0.0 0.5 1.0 1.5 2.0

I/2F x 10°/mol H, 5™

Fig. 8 Dependence of faradaic efficiency (A) and reaction rate
enhancement (p) on rate of proton removal from the catalyst surface.
PNH3 =2 kPa, T = 500 °C

The effect of temperature on A and p at constant current
and Pyp, is shown in Fig. 9a and b, respectively. Figure 9a
shows that A decreases with temperature and thus, at
T > 550 °C, the cell operation becomes subfaradaic
(A < 1). Figure 9b shows a significant decrease in p with
temperature, a behavior which is expected because the
open-circuit rate, r,, increases with temperature (Eq. 2).
The value of p corresponding to 500 °C is not possible to
be presented, as it tends to infinite due to the negligible
open circuit rate (r, = 0).

The open circuit data as well as the data presented in
Fig. 9a and b, can be used for the construction of the
Arrhenius plots of Fig. 10. From the slopes of the lines, the
apparent activation energy, E,, can be calculated and results
are presented in Table 2. A considerable decrease in E,, is
induced upon imposing a current through the cell and the
higher the current the lower the value of E,.. At the highest
current (4 mA), the value of E,; is more than an order of
magnitude lower than its open circuit value.

In all the above presented closed-circuit experiments
(Figs. 5-9), only positive currents were imposed, i.e. protons
were “pumped” away from the catalyst. It was found that
upon imposing negative currents, i.e. electrochemically

500

700
T

23

-In (rg,,/ mol st

1000 T /K"

Fig. 10 Logarithmic dependence of reaction rate on reciprocal
temperature at various currents. Pny, = 2 kPa

Table 2 The apparent activation energy calculated under both open
and closed circuit conditions with the ammonia partial pressure kept
at 2 kPa

I (mA) 0 1 2 3 4

Eo(kmol™) 1334£10 44+£7 2544 174+2 1243

supplying protons to the catalyst, there was no measurable
effect on the reaction rate.

4 Discussion

Although numerous works on the catalytic decomposition
of NH; can be found in the literature, only a few studies
conducted in solid electrolyte cells have been reported [17—
20]. Pitselis et al. [17] studied the reaction using Fe as the
working electrode and CaZrgolng;05_, as the proton
conductor, at temperatures between 530 and 600 °C. The
electrophobicity of the reaction was accompanied by a
strong non-faradaic effect with a maximum rate enhance-
ment factor A equal to 120. Nevertheless, due to the higher

Fig. 9 (a) Dependence of a 16 b 50
faradaic efficiency (A) on
temperature at various currents. 40 —=—I=1mA
Pnu, = 2 kPa. (b) Dependence 1.2 —e—I=2mA
of reaction rate enhancement (p) 30 L Py =2 kPa I=3mA
on temperature at various 0.8 —y_1=4mA
currents. Pxg, = 2 kPa A p 20}

04 I=3mA 10

[ [—vy—I=4mA
0.0 1 1 L L ol 1
400 500 600 700 500 550 600 650 700
T/C T/C
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open circuit rates and the low imposed currents the maxi-
mum increase with respect to the catalytic rate was 3.6 (i.e.
p = 3.6). Skodra et al. [19] studied the reaction in a SCY
single chamber reactor cell using Ru and Ag electrodes.
They found that the reaction rate was increasing by both
positive and negative currents. Positive currents corre-
sponded to proton pumping from Ru, while negative from
Ag. It was found that when Ru was used as the working
electrode i.e. on positive currents, the current effect was
more profound. The maximum A value obtained was about
4. Marnellos and Stoukides [18] studied the reaction on Pd
in a SCY double-chamber cell. At 570 °C and upon
imposing negative currents (“pumping” protons to the
catalyst), an almost linear decrease of the reaction rate with
1/2F, was observed.

In a previous work in our Laboratory [20], the reaction
was studied in a single-chamber cell-reactor on Ag elec-
trodes. Hence, the data obtained therein can be combined
with the present double-chamber results for a safer inter-
pretation and understanding of the reaction mechanism.

Silver is not an active catalyst for the catalytic decom-
position of NHj;. The reaction exhibits an apparent
activation energy of 133 & 10 kJ mol ' between 500 and
700 °C. This value is in agreement with our previous work,
in which it was found equal to 115 + 4 kJ mol~" between
550 and 650 °C [20]. Also in good agreement are the
values of the apparent reaction order calculated here and in
[20], i.e. 0.8 £ 0.1 vs. 0.88 £ 0.1. Furthermore, there is
agreement with previous studies on various -catalysts
reporting that at low temperatures the reaction is zero order
in NH; and becomes first order at higher temperatures [1,
21-24].

Although Ag exhibits relatively low activity for the
decomposition of NHj; the closed-circuit results have
shown that the reaction rate increases significantly by
“pumping” protons away from the catalyst. The increase in
reaction rate with increasing the catalyst potential
(AVwg > 0) implies that the reaction exhibits an electro-
phobic behavior. The maximum increase of 5600%
(p = 57) was observed at 500 °C. It is worth mentioning
that these high p values correspond to very low A’s
(A < 2). Low A’s were also observed in the single-cham-
ber study [20]. In the latter, the p‘s were quite lower than
those reported here (p < 3.4). This should be expected
because (a) the catalyst loading in [20] was about 8 times
higher than now and (b) in the single chamber both elec-
trodes contribute to the open circuit rate as they are both
exposed to the reacting mixture.

The low A values obtained can be explained by the
following equation:

2-F-r,

] ==

(5)
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where I, is exchange current at the electrode-electrolyte
interface. This equation has been used successfully in order
to calculate the magnitude of IAl in a large number of
catalytic systems [10, 11]. According to this equation, A is
proportional to the open circuit reaction rate and inversely
proportional to the exchange current. Values of I, at the
Ag-SCY interface have been reported in the literature [25]
for various hydrogen contents of the gas phase. At tem-
peratures and gas compositions similar to the present work,
I, attains values of the order of 107> A cm™ 2. The open
circuit reaction rates, r,, on the other hand, are of the order
of 107 moles s~! cm ™2 (Figs. 4-6). With the above I,
and r, values introduced in Eq. 5, As of the order of unity
are predicted. Thus, the validity of Eq. 5 is verified (Figs. 8
and 9a).

The decrease in the apparent reaction order upon
imposing a positive current, can be attributed to the elec-
tron donor character of ammonia adsorbed on metal
surfaces [26, 27]. Specifically, the increase in the catalyst
work function upon imposing a positive current corre-
sponds to an increase in ammonia coverage on catalyst
surface. Thus, a weaker dependence on ammonia partial
pressure is expected. The observation that initial pro-
nounced decrease in reaction order is followed by a gradual
increase with increasing current can be explained if the
conversion of ammonia at various Py, is considered.
Table 3 shows the p values obtained at various Pnp,. For
the same current, p is higher at low Pxy,. But because NHj;
is the reactant, inevitably a very high increase in p, will
gradually make stronger the dependence on Pnpy,.

The 90% decrease in the apparent activation energy
observed upon “pumping” protons away from the catalyst
is impressive. This phenomenon has been observed in
several electrochemical promotion studies [10]. For the
reaction under study, Skodra et al. [19] observed a similar
decrease, while Pitselis et al. [17] observed the opposite,
i.e. an increase in the activation energy. It is well estab-
lished [10, 11] that in a wide temperature range, the
catalyst work function can be calculated from the following
equation:

A(e<15) =€~ AVWR (6)

Table 3 The values of rate enhancement ratio corresponding to the
data of Fig. 7

Pnu, (kPa) 2 1.5 1 0.5
I (mA) p
1.8 2.7 3.1 5.7
2 3.1 4.6 4.9 8.7
5.7 7.9 7.9 10.9
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The above equation shows that a change in cell potential
corresponds to an analogous change of the catalyst work
function and consequently, to the chemisorptive bond
strength of reactants and intermediates. In the present
study, the observed decrease in the activation energy upon
“pumping” protons away from the catalyst can be attrib-
uted to the weakening of the adsorption strength of
atomically adsorbed nitrogen. Thus, the recombinative
desorption of nitrogen, which is considered the rate
determining step [28], is enhanced.

5 Conclusions

The present results show that under the employed condi-
tions SCY is a mixed (protonic—electronic) conductor, with
the PTN varying generally between 0.5 and 0.7. High
current densities caused a decrease in PTN, an effect that
was more pronounced at higher temperatures and lower
NH; partial pressures.

Although the faradaic efficiencies attained were near
unity, a strong increase in the reaction rate was induced
upon proton “pumping” from the catalyst surface. The
catalytic activity of Ag increased reversibly by as much as
5600% (maximum p = 57).
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