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a b s t r a c t

Ammonia electro-oxidation reaction (AmER) was investigated by using conventional

electrochemical experiments, direct ammonia fuel cell (DAFC) and galvanostatic electrol-

ysis experiments. The working electrode/anodes were composed of carbon supported PtRu/

C nanoparticles (NPs) with atomic Pt:Ru ratios of 100:0, 90:10, 70:30 and 50:50. The resulting

nanoparticles ranged between 5.1 and 7.3 nm in size depending on the Ru content and were

analyzed by XRD, TEM and synchrotron radiation photoelectron Spectroscopy (SRPES).

Alloying Pt with Ru shifted AmER to the lower onset potentials compared to Pt/C. Among

nanostructured PtRu/C electrocatalysts, the Pt90Ru10 composition showed the best activity

and stability in the conventional electrochemical (cyclic voltammetry and chro-

noamperometry) experiments, DAFC and 8 h galvanostatic electrolysis. The concentration

of nitrite and nitrate was doubled using PtRu/C 90:10 compared to Pt/C, because of excess of

OHads species formed on Ru. The results show that the addition of small amount of Ru to Pt

NPs improves the AmER due to additional formation of OHads that promote the reaction on

alloyed PtRu nanoparticles.
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Introduction

The ammonia electro-oxidation reaction (AmER) has been

extensively studied in the recently years from the different

point of view, such as environmental applications, e.g.,

wastewater treatment and ammonia sensors and for energy

generation in Direct Ammonia Fuel Cells (DAFCs) [1e9]. DAFC

offers an important alternative to the current energy genera-

tion systems as clean and carbon-free fuel for efficient power

source [4,10,11]. Ammonia has low production cost, is easy to

handle and to transport [2,11], furthermore, the theoretical

charge for ammonia oxidation to N2 is 4.75 Ah g�1 that is very

close to theoretical charge of methanol, 5.02 Ah g�1, in its

oxidation to CO2 [2]. Moreover, liquid ammonia has 70% more

hydrogen content and 50% higher specific energy density than

liquid hydrogen per unit volume and is a carbon-free chemical

energy carrier [12].

In this context different electrocatalysts have been evalu-

ated for ammonia electro-oxidation in alkaline media

[2e5,11e22]. Platinum is the most active catalyst for this

process, however it suffers from deactivation by Nads

poisoning intermediate. The energy of Nads on the catalyst

surface is too high (�394 kJ mol�1 [13]), to enable the N2 for-

mation [23], as a consequence these strongly adsorbed in-

termediates block surface active sites and prevent continuous

oxidation of ammonia on deactivated Pt surfaces. According

to the literature, the degree of Nads coverage on Pt surface

increases with anodic potential and reaches the highest value

at the peak current density of ammonia electro-oxidation in

voltammetry experiments [14,15].

In order to overcome the deactivation of platinum by

poisoning reaction intermediates and to increase the current

density of AmER, Pt-binary electrocatalysts have been re-

ported in the literature, such as PtIr [2,5,12,15,17], PtPd, PtSnOx

[2,17], PtRh [2,4,5], PtNi [15] and PtRu [2,11,15]. It is well known

that different factors, e.g., nanoparticle synthesis method,

particle size, particle size distribution, surface and bulk

structure, catalyst support, etc. play a role in electrocatalysis.

In addition to these factors, the atomic ratio of Pt to the second

metal influences AmER and the optimum performance varies

depending on the second metal.

Among the reported bi-metallic catalysts, PtRu showed

superior catalytic activity and stability towards AmER

compared to monometallic Pt. For instance, Endo et al. [15]

studied monometallic Pt and Ru and bi-metallic Pt80Ru20,

and Pt60Ru40 catalysts prepared on carbon glass using ther-

mal decomposition method. The authors showed that

Pt80Ru20 had the highest current densities compared to other

compositions. For Pt80Ru20, the onset potential was shifted

by 100 mV to lower potential if compared to Pt, showing a

synergetic effect between Pt and Ru. In the work by Vidal-

Iglesias et al. [2], authors studied PtxRu1�x (x ¼ 100, 80, 50

and 20) unsupported nanoparticles synthesized using so-

dium borohydride in water/oil microemulsion method. They

demonstrated using CV and CA experiments that the onset

potential of AmER shifted about 100 mV to lower potential

using Pt80Ru20 unsupported nanoparticles compared to Pt. In
their study, Pt50Ru50 showed very low catalytic activity and

Pt20Ru80 showed no activity at all [2].

Thus in both studies [2,15], the unsupported Pt80Ru20

combination showed the optimum performance, however

the practical fuel cell catalysts are often composed of nano-

particles dispersed on high surface area support, e.g., carbon

black. Therefore, in the present work PtRu/C electrocatalysts

with different Pt:Ru atomic ratios: 100:0, 90:10, 70:30 and

50:50 were synthesized using facile and easy to scale-up

borohydride reduction method and applied for AmER. For

the first time, PtRu catalysts were tested in the direct

ammonia fuel cell (DAFC) experiments in combination with

detailed oxidation product evaluation during 8-h galvano-

static electrolysis.
Experimental

PtRu/C electrocatalysts (20 wt% of metals loading) with

different Pt:Ru atomic ratios: 100:0, 90:10, 70:30, 50:50 were

prepared by the sodium borohydride reduction process

[10,24] using H2PtCl6$6H2O (SigmaeAldrich) and Ruth-

enium(III) chloride (SigmaeAldrich), as metal sources. In this

process Vulcan XC72 was first dispersed in an isopropyl

alcohol/water solution (50/50, v/v). The mixture was ho-

mogenized under stirring and then the metal salts were

added and put on an ultrasonic bath for 5 min. After that, a

solution of NaBH4 in 0.1 mol L�1 KOH was added in one

portion under stirring at room temperature and the resulting

solution was maintained under stirring for 15 min more.

After this, the final mixture was filtered and the solids

extensively washed with deionized water (18 MU) and then

dried at 70 �C for 2 h.

The electrocatalysts were characterized by X-ray diffrac-

tion (XRD) using a Rigaku diffractometer model Miniflex II

equipped with CuKa radiation source (0.15406 nm). The X-ray

diffraction patterns were recorded between 20 and 90� 2qwith

a step size of 0.05� and a scan time of 2 s per step. Trans-

mission electron microscopy (TEM) images were carried out

using a JEOL JEM2100F instrument and the atomic ratios of Pt

and Ru in the synthesizedmaterials weremeasured by energy

dispersive spectroscopy (EDS) by using a JEOL e JSM6010 LA

equipment. Synchrotron radiation photoelectron spectros-

copy measurements (SRPES) were performed at the Variable

Line Spacing Plane GratingMonochromator (PGM) beamline at

the Canadian Light Source (CLS). The beamline is optimized

for flux and brightness in the energy range of 5e200 eV. All

spectra were recorded using the Scienta SES100 analyzer with

a total energy resolution of 40 meV at room temperature with

a system vacuum of 10�10 mbar.

Electrochemical measurements were carried out at room

temperature using a potentiostat PARSTAT 2263 (Princeton

Applied Research), using a three-electrode electrochemical

cell made of teflon. A platinum electrode and a Hg/HgO were

used as the counter and reference electrodes, respectively.

Glassy carbon (GC) electrodes (0.166 cm2) were used to deposit

electrocatalysts. Before each experiment, the GC support was

http://dx.doi.org/10.1016/j.ijhydene.2016.09.135
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Fig. 1 e X-ray diffraction patterns of the Pt/C and PtRu/C

electrocatalysts.
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polished with alumina suspension (1 mm) and washed in

deionized water. Ultrapure deionized water obtained from a

Milli-Q system (Millipore®) was used in all experimental

procedures.

The catalyst “ink” was prepared by dispersing 6 mg of the

electrocatalyst powder in 1 mL water, 100 mL isopropanol, and

100 mL of 5% Nafion® solution. The “ink” was sonicated in an

ultrasonic bath for 30 min. Subsequently, aliquots of 8 mL of

the dispersionwas deposited onto the GC surface and air dried

at 60 �C.
Cyclic voltammograms in 1MKOH and 1M (KOHþNH4OH)

were carried out at a scan rate of 20mV s�1 between�0.85 and

0.2 V vs. Hg/HgO. The electrocatalysts were cycled for 10

consecutive cycles resulting in the stable and reproducible

shape of the voltammogram in ammonia free solutions and

for 3 consecutive cycles in ammonia containing solutions. The

third scan of CVs is reported unless otherwise stated. Chro-

noamperometric experiments were carried out for 2 h at

�0.30 V and �0.25 V vs. Hg/HgO.

The catalyst electrochemical active surface area (ECSA)

was determined by stripping experiments of CO monolayers,

integrating the COad stripping charges, assuming the factor of

420 mC cm�2 [25]. In this procedure the mixture of CO (1% in

He, Linde) was bubbled through 1 M KOH solution for 20 min

while the potential was held at �0.6 V, then pure N2 (99.99%,

Linde) was bubbled for 20 min to remove the dissolved CO

from the solution. The CO stripping voltammograms were

then recorded at a scan rate of 20 mV s�1. The estimated ECSA

values for Pt/C, Pt90Ru10/C, Pt70Ru30/C, Pt50Ru50/C were 1.00,

0.87, 0.72 and 0.42 cm2, respectively. The ammonia current

from electrochemical experiments was normalized per ECSA

unless otherwise stated.

DAFCs experiments were conducted using 1 M

(NH4OH þ KOH) as already described in details elsewhere

[3,4,10,18]. In these experiments, a single cell set at 50 �C with

an electrode area of 5 cm2 was employed. The electrocatalyst

was painted over carbon cloth in the form of a homogeneous

dispersion prepared using Nafion solution (5 wt%, Aldrich).

The temperature of the oxygen humidifier was maintained at

85 �C. Themass of catalyst at the anode and the cathode was 1

and 2 mg cm�2, respectively. For all experiments, a commer-

cial Pt/C (BASF) with 20 wt% of metals loading was used as

cathode. A Nafion® 117 membrane previously exposed to

6 mol L�1 KOH for 24 h [3,4,10,26] was used for fuel cell

experiments.

The bulk galvanostatic electrolysis of 0.2M of NH4OH in 1M

KOHwas carried out on Pt/C and Pt90Ru10/C electrocatalysts at

25 mA cm�2 for 8 h under vigorous stirring and at room

temperature. The working electrode was prepared by

depositing and draying overnight 80 mL of the catalysts ink

onto a 1.27 cm�2 carbon fiber paper (SpectraCarb 250-A, Fuel

Cell Store). A large surface stainless steel spring of grade 304

served as a counter electrode and was kept in a separate

compartment. Analysis of the by-products of ammonia

electro-oxidationwas done by collecting 0.5mL samples every

1 h. Ammonia was determined according to the procedure

stipulated in Standard Methods 1985. The determination of

nitrite and nitrate concentrations was performed using Hach

analytical kit [12]. Each sample was analyzed three times with

a reproducibility of ±0.1 mg N L�1.
Results and discussion

Physicochemical characterizations of Pt/C and PtRu/C
catalysts

Fig. 1 shows the X-ray diffraction patterns of the carbon

supported Pt and PtRu electrocatalysts. The broad peak at

around 25 �2q that is assigned to the (022) reflection of graphite

in Vulcan XC-72 carbon [17,18]. The peaks at around 40, 46, 67,

81 �2q are attributed to the (111), (200), (220) and (311) face

centered cubic (fcc) reflections typical for bulk and nano-

structured Pt [4,18]. The diffraction peaks in the PtRu catalysts

are shifted to higher 2q values with respect to the same re-

flections in Pt/C (Table 1), suggesting the platinum ruthenium

alloy formation [27,28], however because the main (111) and

(200) Pt reflections overlap with graphite reflection (101) at

45 �2q in carbon Vulcan XC-72, the crystallite size analysis was

done using (220) reflection and Scherrer equation [17,29].

Table 1 shows that the crystallite sizes of Pt70Ru30/C and

Pt50Ru50/C were lower than that of Pt/C and Pt90Ru10/C mate-

rials. The composition of the PtRu/C electrocatalysts obtained

by the EDS analysis is presented in Table 1. The experimental

atomic composition obtained by EDS analysis are very close to

the nominal ones, showing that sodium borohydride is

effective for the simultaneous reduction of platinum and

ruthenium ions.

The TEM micrographs and histogram of the particles sizes

are shown in Fig. 2. As can be seen in Fig. 2a, Pt nanoparticles

show non-uniform dispersion on carbon support, i.e., in

addition to single particles some particle agglomeration (up to

33 nm in size) is also present. The histogram of Pt/C shows

that most of nanoparticles are smaller than 12 nm with

presence of large agglomerates. PtRu nanoparticles are rela-

tively well dispersed on the support (Fig. 2b) although some

particle aggregation was also observed. Histogram of Pt90Ru10/

C confirmed that the average particle size is smaller than

10 nm and the heterogeneity in terms of particles size is

smaller than for Pt/C. As can be observed from TEM images of

Pt70Ru30/C (Fig. 2c) and Pt50Ru50/C (Fig. 2d) catalysts, the

http://dx.doi.org/10.1016/j.ijhydene.2016.09.135
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Table 1 e Characteristics of carbon-supported Pt and PtRu catalysts.

Electrocatalyst nominal
atomic composition (%)

Atomic composition (%)
from EDS

Crystallite size (nm) from
(220) peak

2 qmax of (111) (�) Average particles sizes
(nm) from TEM

Pt/C e 4.3 39.64 7.3

Pt90Ru10/C 90:10 4.5 39.79 5.7

Pt70Ru30/C 69:31 3.6 39.85 5.2

Pt50Ru50/C 51:49 3.3 40.37 5.1

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 9 3e2 0 1196
nanoparticles size is similar for both materials and both show

good dispersion on the carbon support. The nanoparticle

mean diameters are summarized in Table 1. Form the TEM

micrographs it is possible to conclude that the nanoparticles

become smaller and better dispersed on the carbon support as

the ruthenium content in Pt increases.

The observed heterogeneity in Pt nanoparticles sizes with

the average size below 10 nm is characteristic of the sodium

borohydride synthesis method [3,10,30,31].

Synchrotron radiation photoelectron spectroscopy studies

were carried out for all catalysts synthesized in the present

work. Fig. 3 shows the Pt4f peaks. The exact positions, full

width at half maximum (FWHM) and the percentage ration of

each component of Pt4f peak are summarized in Table 2. The

analysis of the recorded peaks revealed the existence of

platinum atoms in two different states. More specifically, the

component at lower BE is attributed to metallic Pt represent-

ing around 85% of the peak area, while the component at

higher BE, is due to Pt2þ [32].

As can be seen, the peak positions are similar for the Pt/C

and the Pt90Ru10/C, however the Pt4f peak shifts towards

higher BEs as the Ru content increases. More specifically, a

shift of around 0.08 eV is observed for the Pt0 component in the

case of the Pt70Ru30/C compared to the position of the corre-

sponding component in the case of the Pt/C. The observed shift

is even more pronounced for Pt50Ru50/C and more specifically

the Pt0 component is detected at 71.60 eV, which is 0.24 eV

towards higher BEs. Our results and the positive shifts of the

Pt4f SRPES peak are in agreement with previous studies

[33e35], where nanosized PteRu systems have been studied in

details using both traditional and synchrotron radiation

induced photoelectron spectroscopy, as well as theoretical

calculations. These studies [33e35] have shown that the Pt4f

peak shows significant shift towards higher binding energy for

alloyed PtRu catalysts compared to monometallic Pt or plat-

inum foil, whereas the reported shifts of the corresponding

Ru3d peaks were significantly lower [33e35]. Furthermore, the

Ru4p state was detected around 44 eV and exhibited consid-

erably low flux and signal-noise-ratio under our experimental

conditions and even after prolonged scanning the peak was ill

defined, thus not allowing us to obtain more detailed infor-

mation concerning the oxidation state of ruthenium atoms in

PtRu/C NPs. We also need to point out that the used synchro-

tron assisted photoelectron spectroscopy technique is very

surface sensitive and can only detect the electrons escaped

from few Angstroms surface region. This may indicate that

there are less Ru atoms at the surface than in the bulk,

compared with relative large-region-ordered Pt atoms.

The observed shift of the Pt4f peak is a strong evidence that

Pt and Ru are alloyed in agreement with XRD data. The fact
that the work function of Ru (~4.71 eV) is lower than that of Pt

(~5.74 eV) [36], means that electrons should flow from the

former to the lattermetal, thus increasing the electron density

around platinum atoms, causing the shift of the Pt4f towards

lower BEs. However, the observed positive shift of the Pt4f

peak can be explained by the re-hybridization of the d- and sp-

band [37] and changes in the bond distances as the composi-

tion of the NPs change and the Ru content increases.

Cyclic voltammetry and chronoamperometry of Pt/C and
PtRu/C catalysts

The cyclic voltammetry of Pt/C and PtRu/C electrocatalysts in

1 MKOH in the potential range of�0.85 V to 0.2 V are shown in

Fig. 4. For Pt/C and Pt90Ru10/C, two peaks related to hydrogen

adsorption/desorption process at about �0.63 V and �0.53 V

are present on CVs [4,38]. The region from�0.20 to 0.2 V in the

anodic scan is associated with the formation of Pt oxides

[4,39]. In the reverse scan, Pt oxide reduction takes place at

around � 0.18 V on Pt/C [4,40], whereas the cathodic peak

shifts to lower potential values as Ru content in PtRu/C in-

creases. As can be seen the shape of the CV of Pt/C and

Pt90Ru10/C are similar, because of the small amount of Ru in

the Pt90Ru10/C composition. As the Ru content increases the

charging currents increases and the Pt and Ru oxide reduction

peak shifts to lower potentials: �0.32 and �0.38 V for Pt70Ru30/

C and Pt50Ru50/C, respectively [27]. For Pt70Ru30/C and Pt50Ru50/

C, the two peaks related to hydrogen adsorption/desorption

process were suppressed due to the high amount of ruthe-

nium content, similar behavior was also observed in the

literature [38,41]. The obtained current values were normal-

ized by the ECSA, which was estimated from the CO stripping

experiments. The estimated ECSA values for Pt/C, Pt90Ru10/C,

Pt70Ru30/C, Pt50Ru50/C were 1.00, 0.87, 0.72 and 0.42 cm2,

respectively. As can be seen the ECSA decreases as the

amount of Pt decreases, this behavior was also observed

earlier for the materials prepared by the same method [42].

This is in agreement with the bifunctional mechanism in

which the CO is mostly adsorbed on the Pt atoms. The role of

Ru is to provide oxygenated species (Ru-OH) to promote the

CO electro-oxidation [43,44]. Thus, the CO stripping charge

would represent the total amount of Pt atoms at the surface of

the materials.

Fig. 5 shows the CVs of Pt/C and PtRu/C (90:10, 70:30, 50:50

at %) electrocatalysts in 1 M (KOH þ NH4OH). The onset po-

tential for ammonia electro-oxidation shifts to lower potential

as the ruthenium content in the materials increases. Howev-

er, at high amount of ruthenium (Pt70Ru30/C and Pt50Ru50/C)

the peak current density for ammonia electro-oxidation de-

creases significantly if compared to Pt/C and Pt90Ru10/C. It has

http://dx.doi.org/10.1016/j.ijhydene.2016.09.135
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Fig. 2 e The TEM micrographs (left) and corresponding histograms (right) of Pt/C (a), Pt90Ru10/C (b), Pt70Ru30/C (c) and

Pt50Ru50/C (d).
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Fig. 3 e Pt4f SRPES peaks for (a) Pt/C, (b) Pt90Ru10/C, (c)

Pt70Ru30/C and (d) Pt50Ru50/C.

Table 2 e Summary of SRPES analysis: Pt4f peak position,
full width at half maximum (FWHM) and the percentage
ratio of Pt0 and Pt2þ.

Electrocatalyst Peak position
(eV)

FWHM
(eV)

At.% Assignment

Pt/C 71.36 0.94 82.2 Pt0

72.45 1.27 17.8 Pt2þ

Pt90Ru10/C 71.35 0.95 87.8 Pt0

72.46 1.3 12.2 Pt2þ

Pt70Ru30/C 71.44 0.99 87.1 Pt0

72.75 1.3 12.9 Pt2þ

Pt50Ru50/C 71.60 0.92 86.1 Pt0

72.68 1.28 13.9 Pt2þ
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Fig. 4 e Cyclic voltammograms for Pt/C, Pt90Ru10/C,

Pt70Ru30/C and Pt50Ru50/C electrocatalysts in 1 M KOH at

n ¼ 20 mV s¡1.
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already been reported in the literature that atomic composi-

tions of rutheniumhigher than 20% in the PtRu electrocatalyst

causes a decrease in the peak current density for ammonia

electro-oxidation process [2,15]. Furthermore, the highest

peak current density was obtained using Pt90Ru10/C showing

that small amount of Ru improves the catalytic activity of
platinum towards ammonia electro-oxidation reaction. The

enhanced catalytic activity of Pt90Ru10/C may be related to the

fact that Ru is able to dehydrogenate ammonia at lower po-

tential than Pt [13], because ammonia dehydrogenation is an

important step in the electro-oxidation process. However, as

Ru content increases the activity decreases indicating that Ru-

rich surfaces are not suitable for ammonia oxidation probably

due to the high amount of Nads on the Ru surface, because the

theoretically calculated adsorption energy of N on Ru is higher

than on Pt [13].

Fig. 6 shows the chronoamperometric curves in 1 M

(KOH þ NH4OH) on Pt/C, Pt90Ru10/C and Pt70Ru30/C nano-

particles at �0.25 V during 2 h. As can be seen, the current

density decreases significantly within the first hour but be-

comes less pronounced after 1.5 h. The continues current

decline is due to the surface poisoning by the inactive in-

termediates, e.g., Nads as was also reported in the literature

for various Pt-based catalysts [3,4,17]. The current density

for ammonia electro-oxidation after 2 h experiment on

Pt90Ru10/C was about 2.5 times higher than that on Pt/C and

Pt70Ru30/C, while Pt50Ru50/C showed negligible current den-

sity in CA measurements (not shown here). Thus, addition

of 10 at.% of Ru improved Pt activity and stability against

deactivation by providing oxygenated surface species

http://dx.doi.org/10.1016/j.ijhydene.2016.09.135
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without compromising the adsorption of ammonia on Pt or

PtRu neighboring sites. It is well illustrated in the literature

that Ru surfaces form OHads at considerably lower potentials

than platinum [43,45,46]. Moreover, the electronic affect

generated in PtRu alloys [47e50] helps dehydrogenation of

ammonia at lower potentials thus contributing towards the

increase of the catalytic activity of Pt90Ru10 for AmER

[4,10,12]. The low catalytic activity of Pt50Ru50/C is in

agreement with the earlier report [2].

Direct ammonia fuel cell

The best performing Pt90Ru10/C electrocatalyst was tested as

an anode in the DAFC experiments and compared to Pt/C.

Fig. 7 shows the cell voltage and power density as a function of

the current density obtained for 1 M (NH4OH þ KOH) as fuel at
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Fig. 6 e Chronoamperometric measurements at ¡0.25 V vs

Hg/HgO for Pt/C, Pt90Ru10/C, Pt70Ru30/C and Pt50Ru50/C

electrocatalysts in 1 M (KOH þ NH4OH).
50 �C using commercial Pt/C (BASF) as cathode. The open

circuit voltage (OCV) was 0.47 V and 0.45 V using Pt90Ru10/C

and Pt/C as an anode, respectively. Suzuki at al. [11] also re-

ported the higher OCV using PtRu/C (0.54 V) than Pt/C (0.37 V),

however their experiments were done using NH3 gas and

electrocatalysts loading of ~45 wt% compared 20 wt% in the

present study. The higher OCV obtained using Pt90Ru10/C

confirms its superior catalytic activity for AmER [10,11]. The

power density curves reveal that themaximumpower density

using Pt90Ru10/C was almost 10% higher than that obtained

using Pt/C. It is also possible to observe from Fig. 5 that the

current density was about 15% higher for Pt90Ru10/C than Pt/C.

The OCV and the maximum power density obtained using Pt/

C is in agreement with the previous publication [18]. Thus,

Pt90Ru10/C showed the best fuel cell performance among all

the catalysts synthesized in the present work in agreement

with CV and CA experiments.

Galvanostatic electrolysis

In order to evaluate the oxidation products over Pt/C and

Pt90Ru10/C electrocatalysts, the 8 h galvanostatic electrolysis
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Fig. 8 e The normalized concentration profile of ammonia,

nitrite and nitrite during electrolysis of ammonia under

galvanostatic conditions on Pt/C and Pt90Ru10/C in 1 M

KOH þ 0.2 M NH4OH, i ¼ 25 mA cm¡2.
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experiments in 0.2 M NH4OH þ 1 M KOH at 25 mA cm�2 were

carried out. Fig. 8 shows the normalized concentration of

ammonia, nitrite and nitrate as a function of time. The con-

centration of ammonia decreased with time using both ma-

terials, however, after 8 h, 84% of initial ammonia was

degraded on Pt90Ru10/C and only 66% on Pt/C. The main

products of ammonia oxidation were N2, NO3
� and NO2

�. It
has been reported that ammonia electro-oxidation on metal

oxides results in predominant formation of oxygenated ni-

trogen species [13,17] and that ruthenium is not selective to

oxidize ammonia to N2 [13]. According to Gootzen at al. [14]

oxygenated species are involved in the NO2
� and NO3

� for-

mation during ammonia electro-oxidation. The concentration

of nitrate and nitrite produced on Pt90Ru10/C were about twice

as higher as on Pt/C, due to the excess of OHads species formed

on Ru at lower potentials [43,45,46].
Conclusion

In the present work we demonstrated that addition of

10 at.% of Ru to Pt nanoparticles (Pt90Ru10/C) improved the

catalytic activity of Pt towards ammonia electro-oxidation

as shown by detailed electrochemical and fuel cell experi-

ments. The XRD results showed formation of PtRu alloy for

all bimetallic compositions. The SRPES analysis revealed

that high amount of Pt is present in metallic phase and

further confirmed the PtRu alloy formation. According to

TEM micrographs, Pt/C and Pt90Ru10/C nanoparticles were

more heterogeneously dispersed than Pt70Ru30/C and

Pt50Ru50/C, however for all the materials, the average par-

ticle size was below 10 nm. Among all the materials, the

Pt90Ru10/C showed the highest catalytic activity. The

Pt90Ru10/C outperformed Pt/C as anode in DAFC experi-

ments. Using Pt90Ru10/C the OCV was 20 mV higher than on

Pt/C, also the maximum power density and current density

were about 10% and 15% higher if compared to Pt/C.

The electrolysis results showed that initial ammonia con-

centration decreased by 84 and 66% after 8 h experiment using

Pt90Ru10/C and Pt/C, respectively. Furthermore, the concen-

tration of nitrite and nitrate were twice higher using PtRu/C

90:10 than using Pt/C, therefore confirming that Ru addition

provides abundance of OHads species that play a key role in

ammonia oxidation reaction.
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