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Abstract: In this work, sodium citrate (SC) was used as an additive to control the particle
size and dispersion of Pt-Mn alloy nanoparticles deposited on a carbon support. SC was
chosen, since it was the only additive tested that did not prevent Mn from co-depositing with
Pt. The influence of solution pH during deposition and post-deposition heat treatment on the
physical and electrochemical properties of the Pt-Mn alloy was examined. It was determined
that careful control over pH is required, since above a pH of four, metal deposition was
suppressed. Below pH 4, the presence of sodium citrate reduced the particle size and
improved the particle dispersion. This also resulted in larger electrochemically-active
surface areas and greater activity towards the ethanol oxidation reaction (EOR). Heat
treatment of catalysts prepared using the SC additive led to a significant enhancement in
EOR activity, eclipsing the highest activity of our best Pt-Mn/C prepared in the absence of
SC. XRD studies verified the formation of the Pt-Mn intermetallic phase upon heat
treatment. Furthermore, transmission electron microscopy studies revealed that catalysts
prepared using the SC additive were more resistant to particle size growth during
heat treatment.

Keywords: Pt-Mn alloy; additive; heat treatment; ethanol oxidation; catalysts; PEM fuel cell;
direct alcohol fuel cell
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1. Introduction

Problems associated with the costs and efficiency of fuel cells are a great barrier for industrial and
consumer applications [ 1-4]. Direct alcohol fuel cells (DAFCs) are one of the most promising candidates
for portable power applications in electronic devices and vehicles [4]. The cost and performance of the
DAFCs are mainly controlled by the catalysts used at each electrode. Pt is the most commonly utilized
electrocatalyst, which is quite expensive [3]. Furthermore, strongly adsorbing species, such as CO, which
are formed during the alcohol oxidation process on pure Pt particles, result in severe activity and
efficiency losses [4,5]. The development of Pt alloy catalysts offers the potential of greater tolerance to
poisoning and significant cost reduction. Likewise, decreasing Pt alloy particle sizes and improving
particle dispersion can further increase performance [3], although there is some debate about the effects
of particle size on catalytic activity [6,7].

The Pt-Mn alloy system has recently been identified by our group as having enhanced activity towards
the ethanol oxidation reaction (EOR) [8,9]. Alloy formation was confirmed with X-ray powder
diffraction (XRD) analysis, and the most active alloys contained less than 25 at% Pt, which is beneficial
from a cost standpoint. The results showed that the presence of Mn affects both particle size and the
intrinsic activity of the catalysts. Further study by the authors also showed that post-heat treatment had
a great impact on the activity of the Pt-Mn alloys, and the main reason for enhancing the EOR activity
was the formation of Pt-Mn intermetallic phase [10]. However, particle size growth during heat treatment
was an unwanted consequence of heat treatment. Sintering can happen by the migration and coalescence
of the catalyst particles or by evaporation and condensation of the atoms from small crystallites [11].
While the benefits of thermally treating alloy nanoparticles out-weighed any activity losses that may
occur due to particle size growth, it would be desirable to find a way to produce smaller particles with
better dispersion that are resistant to particle growth during heat treatment.

Common strategies used to deposit small and well-dispersed metal nanoparticles on carbon include
functionalization of the support [12], using the polyol [13] or microemulsion [14,15] deposition
methods [11,16] employing surfactants [17,18], which are significant strategies to improve particle
dispersion and to reduce particle sizes. It has been shown that oxygenated surface groups on the carbon
support can enhance the dispersion and the stability of Pt/C catalysts [11]. However, oxygen containing
groups can be reduced during the reduction step, which can result in the redistribution of platinum
particles and less favorable Pt dispersion [11]. Studies have shown that nitrogen functionalization on
carbon can improve cathode performance [11,19]. While Dinotto and Negro [20,21] have produced some
carbon nitride-based electrocatalysts at lower temperatures, nitrogen groups are more commonly
introduced via high temperature processes that can also alter the porosity and microstructure of the
support [11]. Unfortunately, the efforts in our group to produce Pt-Mn alloys from polyol and
microemulsion methods were not successful because of very negative reduction potential for Mn ions in
these solutions, which prevented Mn co-deposition [22].

Several studies [17,18,23,24] have shown that adding surfactants reduces the particle sizes of Pt and
Pt alloys nanoparticles and also improves their dispersion on the support [25]. Sodium citrate (SC) is a
common surfactant used in both aqueous and organic solutions by numerous researchers to produce
Pt [18], Pt-Au [26], PtRulr [27] and Pt-Co [28] nano-particles that were small (2—6 nm) with a narrow
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size distribution. However, to the best of our knowledge, SC has not been used to prepare
Pt-Mn alloys [18,26-28].

In this paper, the effect of sodium citrate on particle size, dispersion, structure and EOR activity of
Pt-Mn was investigated. In addition, the influence of solution pH and heat treatment on the crystalline
structure, the uniformity of alloyed phases and the activity of the catalysts has been examined.

2. Results and Discussion
2.1. Material Characterization

Citric acid is a polyprotic acid, with pKa values of 3.14, 4.76 and 6.40 for each acid site. As such, the
charge on SC will be influenced by solution pH, which can influence both Mn and Pt deposition, as well
as the resulting particle sizes. Our preliminary studies showed that pH had an impact on Mn and Pt
deposition. When the solution pH was above three, the metal loading and, as a consequence, the
electrochemical activity of the sample dropped, and different trends were seen from sample to sample at
higher pHs (Figure S1). We believe that at higher pHs, there is a stronger interaction between the citrate
ions and Mn?" ions in the precursor solution, which prevents them from deposition. Therefore, in this
paper, all of the samples have been produced at pH 3.

Table 1 contains the post-chemical reduction composition of the Pt-Mn catalyst samples and the
residual solutions, which were determined by inductively-coupled plasma optical emission spectroscopy
(ICP-OES). Catalysts were prepared using SC to metal weight ratios of 1:1, 2:1 and 3:1, which are
hereafter referred to as 1X, 2X and 3X, respectively. These results showed that the Pt-Mn alloys were
produced with a molar ratio close to the calculated values. By adding SC, a small increase in the amount
of metal ions in the residual solution was observed, especially the Pt content.

Table 1. Composition of the samples and concentration of Pt and Mn in filtrated solution,
which was measured by ICP, along with grain size measured by TEM.

Alloy molar ratios Ions concentration in Grain size
Samples measured by ICP filtered solution by ICP measured by

Pt (%) Mn (%) Pt (ppm) Mn (ppm) TEM (nm)
Pto2sMng 75 22.18 77.82 nil nil 4.5
Pto25sMng.75-1X 20.30 79.70 0.49 nil 2.6
Pto2sMng 75-2X 20.56 79.44 8.23 nil 2.8
Pto2sMno.75-3X 21.94 78.06 11.70 0.20 2.9
Pto25Mng 75-2X-500-1 h - - . ) 57
Pto2sMng 75-2X-700-1 h - - - - 58
Pto2sMng 75-2X-875-1 h - - . ) 6.0
Pto2sMng 75-2X-950-1 h - - - - 6.6

The thermogravimetry (TG) and derivative thermogravimetry (DTG) of Pt-Mn alloys, which were
synthesized on a Vulcan carbon support in the presence and absence of SC, are shown in Figure 1a,b.
Five distinctive mass loss regions are observed in Figure 1. The mass loss between 100 °C and 250 °C
was attributed to the thermal decomposition of residual, weak carbon functional groups and water
evaporation in the powders [29,30]. A second major mass loss began at 300 °C, which was related to the
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oxidation of carbon black by the oxygen or the air trapped within the powder particles [30]. The mass
loss at 700—-800 °C is attributed to the loss of various functionalized groups on the carbon surface and
graphitization [29]. The mass loss at 577 and 928 °C, for the sample prepared without additive, and at
460 and 919 °C, for the sample prepared in the presence of SC, was attributed to Mn oxide phase
modifications and a reduction in the amount of oxygen [31]. It has been shown that pure MnO: is reduced
to Mn203 at 500 °C and further reduced to Mn3O4 at 900 °C [30]. The source of mass loss observed at
~1076 °C was not identified. However, from the TG and DTG diagrams of the samples prepared with
and without SC, it could be concluded that the temperature required for most of the phase transitions

was moved to lower temperatures and facilitated by adding SC.
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Figure 1. (a) TG, (b) DTG, (¢) DSC and (d) derivative weight-corrected DSC for Pt-Mn
alloys, which were synthesized on Vulcan carbon support in the presence and absence of

sodium citrate.

Figure 1b illustrates the DSC curves obtained for Pt-Mn alloys prepared in the presence and absence
of SC. Most of the reactions were endothermic, except those related to carbon oxidation at
300—400 °C. The derivative heat flow diagrams from 700-1200 °C showed that the heat flow in the
presence of the additive was divided into two separate peaks. The first peak was related to an expected
phase transformation from the Pt-Mn phase diagram [32] or Mn oxide phase modifications. The second
peak might be attributed to the alloy melting or unknown phase transformation. As catalysts were not
prepared at heat treatments above 950 °C, this was not examined in detail. The measured heat between
700-1000 °C (3.97 mW/g) for the Pt-Mn alloy prepared without SC is higher than that measured for the
sample synthesized by SC (2.89 mW/g). Therefore, adding SC decreased the heat required for the phase
transformation and facilitated the alloying process. Based on the DSC results, heat treatment
temperatures of 500, 700, 875 and 950 °C were selected to compare the electrochemical and structural
changes of Pt-Mn samples prepared with and without SC.

Figure 2 shows the TGA diagrams and mass loss in air. The mass lost at around 400 °C was due to
carbon combustion. The Vulcan carbon ignition was around 600 °C, which was facilitated in the presence
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of metal. The data calculated from Figure 2 are presented in Table 2. The results showed that when SC
is used, the combustion temperature is reduced by ca. 80 °C. This implies that the Pt-alloy particle size
was reduced and the particle dispersion was improved. It was previously observed that by increasing Pt
loading and available Pt surface area, the combustion temperature of carbon black was decreased because
of a higher oxygen and carbon reaction rate [30,33]. Finally, the residual mass above 600 °C indicated
that the metal loading in all samples was close to the expected 20 wt%.
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Figure 2. The effect of sodium citrate concentration on the weight loss of Pt-Mn alloys,
which were synthesized on Vulcan carbon support.

Table 2. The metal loading and the Vulcan carbon combustion temperature measured from

Figure 2.
Samples Carbon black combustion Temperature (°C)  Metal loading (wt. %)
Pto.2sMno.7s 429.2 22.6
Pto.2sMnog.75-1X 3484 19
Pto2sMno.75-2X 350.7 20.1
Pto.2sMng.75-3X 359.5 22.8
Vulcan carbon 633.4 -

XRD patterns obtained for Pt-Mn alloy catalysts prepared with varying amounts of SC are shown in
Figure 3. We have previously reported that as-deposited catalysts contained a mixed structure of
Pt-Mn alloys and non-alloyed phases [10]. Broad peaks indicate that alloy particles with small grain
sizes were produced. The broadening of the peaks can also be due to the presence of oxide phases and/or
non-uniform alloys. The diffractogram displayed the characteristics of the face-centered cubic (fcc)
structure of Pt, and the peaks were shifted to higher angles, indicating the incorporation of Mn in the fcc
structure. Additionally, there is a peak at 36.2°, which is likely related to Mn-rich phases. Moreover,
it can be concluded that, by adding SC, the peaks became broader, which was the result of the particle
size reduction. Increasing the concentration of sodium citrate up to 2X reduced the amount of oxide
phases. However, the oxide phases reappeared after the amount of sodium citrate was increased to 3X.
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It seems that the optimum amount for the SC concentration is 2X. Therefore, catalysts prepared with a
2X ratio were selected for a more detailed heat-treatment investigation.
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Figure 3. XRD analysis of the samples, which were prepared in the presence and absence of
sodium citrate.

The XRD patterns obtained for Pt-Mn catalysts prepared with 2X SC that were heat treated at different
temperatures are presented in Figure 4. As has been shown previously [10], heat treatment has a great
impact on the activity and the crystallite structure of the Pt-Mn samples produced without the additive.
Here, we have observed similar results for the samples prepared in the presence of SC. The peak at 36.2°
associated with the Mn-rich phases in the XRD pattern disappeared after heat treatment at 500 °C for
1 h and the intensity of the remaining peaks increased with crystallization. However, the predominant
structure was still the Pt face-centered cubic (fcc) structure.
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Figure 4. The XRD patterns of the sample prepared in the presence 2X SC and after heat
treatment at different temperatures.
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Upon further increasing the heat treatment temperature to 700 °C, substantial changes were observed.
New peaks at lower diffraction angles (22°—40°) indicate that the ordered Pt-Mn intermetallic phase was
formed at 700 °C. The Pt-Mn intermetallic phase [34] has a tetragonal structure; therefore, new peaks,
(001) and (100), were demonstrated at lower diffraction angles of ~24.1° and ~37.1°, respectively. As a
result of Pt and Mn further alloying and intermetallic phase formation, the peak shifts from 39.8° up to
40.2° and 46.5° down to 45.5° were observed when heat treatment temperature increased from 500 up
to 700 °C. The shift and the intensity decline of the peaks at 39.8° and 46.5° can be assigned to the
completion of phase modifications at 700 °C [10]. In Figure 5, the XRD spectra of samples prepared in
the presence of SC and heat treated at 700 °C for different periods are compared. The spectra show that
the phase transformation was completed after 1 h of heat treatment, and further increasing of the heat
treatment time has no effect on the structure of the samples. The optimum heat treatment period for the
samples prepared without SC was 4 h [10]. Presumably, smaller particle sizes undergo a faster phase
transformation, which has also been found by the TGA and DSC analysis. This fast phase transformation
is very beneficial, since a shorter treatment time should minimize particle size growth, yielding a higher
active surface area and potentially improved electrochemical activity.
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Figure 5. The XRD patterns of the sample prepared in the presence of 2X sodium citrate
(SC) and after heat treatment at 700 °C for different periods.

In Figure 4, when the heat treatment temperature increased to 875 °C and 950 °C, additional peaks at
22.4° and 39.4° were observed. This variation in the crystalline structure of the Pt-Mn samples is due to
a phase separation and the formation of phases with higher Pt content, such as PtsMn. This phenomenon
is also observed for the Pt-Mn samples prepared without SC [10].

TEM images of as-synthesized samples with and without the additive are presented in Figure 6. The
mean particle sizes measured by using the TEM images are given in Table 1. These TEM images showed
that the catalysts with nanosized metal particles were synthesized, and adding sodium citrate
dramatically decreased the particle sizes and reduced the agglomeration of alloy particles.
Correspondingly, the particle dispersion was improved in the presence of sodium citrate. However,
increasing the sodium citrate ratio to 3X amplified the agglomeration and deteriorated the particle
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dispersion. It seems that adding further sodium citrate blocked the particle nucleation sites on the surface
of carbon black particles, which directed the metal particle deposition toward the grain boundaries of
carbon black particles. Therefore, the metal particle agglomeration was observed in between carbon
particles. Furthermore, TEM images once more proved that smaller particle sizes and better particle
dispersion in the presence of SC were responsible for facilitating the phase transformation during heat
treatment and changing the start temperature of thermally-activated processes, which were observed in
the TGA and DSC analyses.
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Figure 6. TEM image of Pto.7sMno.2s samples prepared in the presence of different contents
of sodium citrate: (a) no additive; (b) 1X; (¢) 2X; and (d) 3X.

Figure 7 displays TEM images of samples synthesized in the presence of SC that were heat treated at
different temperatures. The particle sizes and details calculated from the TEM images are summarized
in Table 1. The heat treatment increased the particle sizes, including some very large particles with a
radius of more than 10 nm. However, the average particle size was enlarged by only 3 nm by increasing
the heat treatment temperature to 950 °C. This means that Pt-Mn alloys were resistant to particle growth,
which has also been observed for other alloys [35] and Pt-Mn samples produced without SC [10].
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In Figure 8, the TEM images of two samples, which were prepared with and without SC and heat treated
for 1 h at 700 °C, are compared. It can be concluded that the presence of SC improved the alloy particle
dispersion and prevented the particle enlargement to a great extent during heat treatment. Therefore,
it is expected that samples prepared with SC should show enhanced activity compared to samples
prepared without additives or heat treated for a longer time.

2

Number of Particles

Figure 7. TEM image of Pto.7sMno.2s samples prepared in the presence 2X of sodium citrate
and after heat treatment at different temperatures: (a) 500 °C; (b) 700 °C; (¢) 875 °C; and
(d) 950 °C.
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Figure 8. TEM images of Pto.7sMno.s samples prepared (a) without additive and (b) in the
presence 2X of sodium citrate and heat treated at 700 °C for 1 h.

2.2. Electrochemical Characterization

The results of electrochemical studies for Pt-Mn samples prepared with and without SC are presented
in Figure 9a. The experiments were conducted in the deaerated 0.5 M H2SO4 solution. The common Pt
cyclic voltammetry (CV) shape with hydrogen adsorption/desorption peaks at lower potentials was
observed for all samples. The electrochemical active surface area (ECSA) was calculated by integrating
the charge under the hydrogen adsorption peaks and is compiled in Table 3 and Figure 10. The results
show that the ECSA values were dramatically increased by adding SC from 10.5-20.6 m?/gp; (Figure 10),
which is in good agreement with the TEM and XRD results. The ECSA improvement is attributed to the
superior particle dispersion and smaller grain sizes in the samples prepared with SC. The maximum
ECSA value was achieved with the sample prepared using the 2X SC content. When the amount of SC
was increased to 3X, the measured ECSA was lower than that measured for 2X. Based on the TEM
analysis (Figure 5d), this reduced ECSA is the result of uneven particle dispersion on the carbon support.

CV obtained for samples prepared with 2X SC and heat treated at different temperatures is illustrated
in Figure 9b. Heat treatment at 500 °C reduced the ECSA values for Pt-Mn samples, but the ECSA for
the Pt-Mn samples improved after increasing the heat treatment temperature to above 700 °C. The ECSA
values never reached the same value as the untreated sample. Particle size growth is the main cause of
the drop in ECSA. However, the optimal ECSA was achieved after heat treatment at 700 °C for 1 h and
led to an ECSA that was only 7% lower than that of the untreated sample. These results show that
Pt-Mn samples prepared with SC are more resistant to particle growth compared to samples prepared
without SC. Previously, it has been shown that the formation of the ordered structure and the generation
of a higher alloying degree of Pt and Mn by changing the surface composition and structure enhanced
the ECSA [10]. This resistance to ECSA loss is most likely due to a roughening of the alloy particle
surface upon dissolution of the surface oxide layer [36] and also because of better particle dispersion
and smaller grain sizes achieved in the presence of SC [37-39]. Additionally, the CV obtained with
samples that were heat treated for different periods is shown in Figure 9c. Increasing the time of heat
treatment to 4 h at 700 °C reduced the ECSA values (Table 3) (not shown in Figure 9c). A similar trend
was also observed by increasing the heat treatment time at 500 °C.
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Figure 9. Cyclic voltammetry (CV) in the 0.5 M H2SO4 solution at a scan rate of 20 mV/s
for samples prepared (a) with different sodium citrate contents and then heat treated (b) at
different temperatures for 1 h and (¢) at 500 and 700 °C for different periods.

Table 3. Summary of ethanol oxidation reaction (EOR) activity parameters of the Pt-Mn
samples. Also listed are the measured electrochemical active surface area (ECSA) values for
each sample.

Onset potential  Current (mA.cm™2)  Peak potential  Peak current ECSA

Samples ~
(mV) at 350 mV (mV) (mA.cm™) (m?%/gpy)

Pto2sMng 75 248 0.461 665 2.49 10.5
Pto25Mng 75-1x 247 0.472 678 2.72 16.8
Pto25sMng 75-2x 249 0.489 690 2.81 20.6
Pto25Mng 75-3x 266 0.355 695 2.14 15.7
Pto.25Mng.75-2X-500°C-1 h 248 0.880 703 6.49 16.2
Pto25sMng 75-2X-700°C-1 h 240 0.628 710 8.40 19.1
Pto.25Mng.75-2X-875°C-1 h 237 0.602 729 4.50 17.1
Pto25sMng 75-2X-950°C-1 h 233 0.638 703 4.76 14.5
Pto.25Mng.75-2X-500°C-2 h 245 0.655 662 4.58 13.8
Pto25sMng 75-2X-500°C-4 h 241 0.709 671 3.87 15.4
Pto.25Mng.75-2X-700°C-2 h 240 0.588 682 6.30 17.1

Pto25Mng 75-2X-700°C-4 h 241 0.556 698 6.35 15.7
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Figure 10. ECSA changes at different SC concentrations and after heat treatment at different
temperatures, measured from Figure 9, and the ethanol oxidation peak current, measured

from Figure 11.

The EOR activity of the samples prepared with and without sodium citrate is presented in Figure 11a.
In addition, Pt/C, which was synthesized without SC, was also tested in ethanol solution and is referred
to as Ptioo. Comparing the electroactivity of the samples (Table 3 and Figure 10) showed that,
by increasing the amount of sodium citrate to the 2X concentration, the activity of the samples was
improved. The improvement in activity was a result of the higher ECSA and better particle dispersion,
which was concluded from the TEM images and CV analysis in 0.5 M H2SOs4 solution. However,
by increasing the amount of sodium citrate to 3X, the EOR activity was reduced. Based on XRD and
TEM results, the lower electrochemical activity of samples prepared with 3X SC was related to the
increase in the quantity of the oxide phase and, importantly, to uneven particle dispersion, which resulted
in lower ECSA. Furthermore, the linear sweep voltammetry (LSV) in the ethanol solution showed that
by adding SC, the onset potential of the samples was almost constant (247-249 mV) up to the optimum
ratio (2X), but increased to 266 mV when higher ratios of SC were used.

The EOR activity of the samples after heat treatment is illustrated in Figure 11b. After performing
the heat treatment at different temperatures, the activity was improved in all samples compared to the
as-produced sample. The activity of heat-treated samples is reported in Table 3 and compared in
Figure 10. The most active samples were produced at 700 °C, at which temperature the Pt-Mn ordered
phase was formed. Upon increasing the heat treatment temperature to 850 and 950 °C, the EOR activity
of the samples was decreased because of particle growth and forming new phases. However, the EOR
activity of the heat-treated samples in all temperatures was greater than the untreated sample.
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Figure 11. Linear sweep voltammetry (LSV) in the 0.5 M H2SO4 + 0.1 M ethanol solution
at a scan rate of 20 mV/s for: (a) the samples prepared with different sodium citrate contents;
(¢) the sample produced with 2X sodium citrate content and heat treated at different temperatures.
(b) The same as (d), normalized for platinum content of (a) and (d), respectively.

The impact of heat treatment time at 500 °C and 700 °C on the EOR activity is shown in Figure 12.
At 500 °C and 700 °C, increasing the heat treatment time beyond 1 h had a negligible impact on the
EOR activity, which is in good agreement with the XRD and TGA results. The XRD patterns indicated
that phase transformations occurred at 700 °C, and this does not change by increasing the time of heat
treatment from 1 h to 4 h (Figure 5). Therefore, increasing the time of treatment can only affect the
particle sizes, and as shown at 700 °C, the EOR activity slightly reduced by extending the time of the
heat treatment.
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Figure 12. LSV of the samples prepared in the presence of sodium citrate and heat treated
at 500 and 700 °C for different periods, in the 0.5 M H2SO4 + 0.1 M ethanol solution at a
scan rate of 20 mV/s.



Catalysts 2015, 5 1029

3. Experimental Section
3.1. Catalyst Synthesis

The impregnation method was used to prepare Pt-Mn/C catalysts with a composition of Pto2sMno.7s,
similar to that previously published [4]. The metal precursors were H2PtCls- H20 (Aldrich, Oakville, ON,
Canada) and MnCl2:4H20 (Aldrich, Oakville, ON, Canada). Trisodium citrate (SC) (Aldrich) and
Vulcan XC72R carbon black (Cabot Corp., Billerica, MA, USA) were used as an additive and metal support,
respectively. The total metal loading was kept constant at ~20 wt. % for all samples. The SC was added
in a weight ratio of 1:1, 2:1 and 3:1 to the metal ratios, which are represented in this article by 1X, 2X
and 3X, respectively. The pH of the solution was adjusted using a HCI solution (15 v/v %) and/ora 1 M
NaOH solution. NaBH4 powder was used as the reduction agent. The weight ratio of NaBHa to the metal
content was 3:1. In addition, a control sample of 20 wt. % Pt/C was synthesized with the same method
without SC, which was referred to as Ptioo. The powders were collected by suction filtration, washed with
isopropanol alcohol (IPA), acetone and deionized water and, finally, dried in an oven at 80 °C overnight.

Heat treatment was performed in a nitrogen atmosphere at either 500, 700, 875 or 950 °C in a
Barnstead Thermolyne tube furnace with a quartz tube. The period of heat treatment was kept constant
(1 h) for all samples and temperatures, unless otherwise specified. After the heat treatment, the samples
were cooled down under a constant flow of nitrogen gas and were preserved inside the furnace until
room temperature was reached.

3.2. Materials Characterization

The chemical composition of the Pt-Mn samples was examined by inductively-coupled plasma optical
emission spectroscopy (ICP-OES, Varian Vista-MPX, Mississauga, ON, Canada). Aqua Regia solution
was used to dissolve metal powders, and diluted solutions were consumed for ICP-OES analyses.
ICP-OES instrument was calibrated by four standard solutions of Pt and Mn with concentrations of 1, 5,
10 and 20 ppm.

The carbon/metal weight ratio and the temperature of phase changes were determined by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Thermal analysis was
performed using a TA Instruments Q600 SDT system (TA Instruments, New Castle, DE, USA).
Measurements were made in both argon and air atmospheres, using a heating ramp of 5 °C/min and
20 °C/min, respectively.

Powder X-ray diffraction (XRD) patterns were obtained for each catalyst. Measurements were made
using either a Bruker D8 Advance powder X-ray diffractometer (Bruker, East Milton, ON, Canada)
equipped with a germanium monochromator (provided by Bruker) or a Rigaku Ultima IV X-ray
diffractometer (Rigaku, Toronto, ON, Canada) equipped with a graphite monochromator (provided by
Rigaku). Both instruments employ a Cu Ka1 X-ray source.

A Philips CM 10 instrument equipped with an AMT digital camera system was used for transmission
electron microscopy (TEM, Philips, Andover, MA, USA) analysis. Samples for TEM analysis were
dispersed in a mixture of water and isopropanol and applied to nickel 400 mesh reinforced grids coated
by carbon and allowed to dry under air before being introduced into the chamber. The mean particle
sizes were determined by measuring the diameter of 100-200 metal particles.



Catalysts 2015, 5 1030

3.3. Electrochemical Characterization

The electrochemical activity of the samples was studied after applying a thin layer of catalyst on
glassy carbon (GC) electrodes. The ink of samples was produced by mixing 10 mg of catalyst with
100 pL Nafion solution (5% in alcohols, Dupont) and a 400 pL 50:50 mixture of isopropyl alcohol and
water. A uniform suspension was achieved after sonicating for 45 min. A 2-uL droplet of the
well-dispersed catalyst ink was deposited onto a clean and polished GC electrode (diameter = 3 mm, CH
instruments) and dried in air at room temperature prior to electrochemical tests. The total metal loading
of the catalyst layer was 0.11 mg/cm?. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were performed in a Nz-purged solution. A 0.5 M H2SOs4 solution was used to determine the
electrochemical active surface area (ESCA). A 0.5 M H2SO4 + 0.1 M ethanol solution was employed to
study the EOR activity of the catalysts. Measurements were made in a 3-electrode cell with a Pt wire
counter electrode and a Ag/AgCl reference electrode. The LSV and CV for all samples were collected
at a scan rate of 20 mV/s. Besides, the sample surfaces were cleaned prior to recording the final
electrochemical test, by scanning at a scan rate of 100 mV/s and then at the scan rate of 20 mV/s,
until we got a clean and reproducible CV.

4. Conclusions

This work has shown how the addition of sodium citrate (SC) influences the particle dispersion and
grain size of Pt-Mn particles and facilitates the crystalline phase transformation. The results indicated
that adding SC to the impregnation solution improved particle dispersion, decreased particle sizes,
reduced the heat treatment time from 4 h to 1 h and increased the ECSA. Therefore, the EOR activity of
the Pt-Mn alloy catalysts was enhanced. However, the weight ratio of SC to metal loading should be
kept lower than 2X, because a higher weight ratio hindered the metal particle dispersion. Furthermore,
this investigation proved that the SC had a positive impact on the EOR activity of Pt-Mn alloys when
the pH of the impregnation solution was lower than four. Moreover, the heat-treated samples showed
superior activity toward ethanol oxidation in comparison with the as-synthesized samples. The EOR activity
was the highest for the sample heat treated at 700 °C for 1 h. The XRD analysis illustrated that Pt-Mn
intermetallic was formed at the same temperature, and this was the main reason for the superior activity.
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