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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the performance of direct ethdmel cell is discussed in three parts using
laboratory synthesized Pt-based electrocatalysts i.e., (inmdtallic electrocatalysts
supported on acetylene black carbomg(@r Geag): Part-l, (ii) bi-metallic and tri-
metallic electrocatalysts supported on multi-waltbon nanotubes (-MWCNTRart-II

and (iii) optimization of DEFC process parametersing the best tri-metallic
electrocatalyst supported on -MWCNPart-Ill . The first part ofPart-l is subdivided
into Part-1a and Part-1b. The first part oPart-la deals with the performance evaluation
of synthesized electrocatalysts without post treatmWhile, Part-Ib deals with the
performance evaluation of the synthesized postidde@lectrocatalysts. The physical
characterization of support material and electalgats, and electrochemical
characterizations of synthesized electrocatalysgsdescussed at the beginning Rdirt-I
(Part-1a and Part-Ib) and Part-11. The effect of various parameters e.g., diffetgpes

of anode electrocatalysts, ethanol concentratiand,cell operating temperature are also
discussed in detail at the endRdrt-I and Part-Il. Part-1ll  deals with the optimization
and validation of process parameters using respsudace methodology (RSM) for
effective power generation from a proton exchangenbbrane based direct ethanol fuel

cell (DEFC).
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5.1 Performance evaluation of bi-metallic electrodalysts supported on Gg: Part-I

As already mentioned, that the post treatment ofr®sized electrocatalyst improves the
electrocatalytic activity for the ethanol electratation. Thus, in the first phase of
electrocatalyst synthesis, no post treatment wademented and all such synthesized
electrocatalysts were grouped and discussed isdbion 5.1.1(Part-la) below. While,

in the second phase of electrocatalyst synthdwmselectrocatalysts were post treated and
all such synthesized electrocatalysts were groupad, discussed in the section 5.1.2
(Part-1b) (Page no. 150). The studies on post treatmenteatrelcatalysts and without
post treatment of electrocatalysts were perforntedee the degree of enhancement of

electrocatalyst performance and comparison purpose.

5.1.1 Bi-metallic electrocatalysts without post tratment: Part-la

5.1.1.1 Physical characterization of the acetyleri#dack carbon support

The functionalized/treated dry mass of acetylerelblCyg) was obtained at the end of
the processas described in section 3.3.1 (Page no. 81). Thmontant properties of
pristine acetylene black carbonpgl{g) and functionalized acetylene black carbong(C

support material are discussed below in detail.

5.1.1.1.1pH analysis

As discussed earlier that the nature of carbon auippaterial plays a key role in the
synthesis of supported electrocatalyst for the tedll de la Fuente et al., (2009) reported
that the treatment of the carbonaceous materidls sancentrated HNOis an effective
acid reagent for creating surface functional grofs nanoparticle anchoring sites,
hydrophilicity, and dissolving the remaining imgdies. The pH of the aqueous slurry of

nitric acid functionalized carbon black A§) support decreases considerably (pH = 3.2)
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compared to that of pristine acetylene black carf@g) support (pH = 8.12). The
drastic decrease in pH of functionalized carbonclbl§Cag) support indicates that
sufficient acidic functional groups (carboxylic gps) have been introduced after acidic

treatment.

5.1.1.1.2X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) patterns of pristine eglene black (gas) and
functionalized acetylene black carbonagf support are presented in Fig (5.1a-b). The
XRD patterns of Gag and Gg support show two common peaks of both the samfiles.
was also observed from Fig (5.1a-b) that theret@cepeaks at the®2value of 25.54°
(002) and 42.65° (100), which indicate the charatie diffraction pattern of the
graphitic structure of the acetylene black suppmaterial (JCPDS card no. 34-1832). The
first intense peak around 2f 25.56° refers to the high degree of graphiiizra(002)
facet of support material (Huang et al., 2015). TXRRD results of acetylene black
support material as presented in Table (5.1) wklabws that the interplanar spacing of
Cas Is 0.3513 nm due to random plane orientations @eenfo the graphite interplanar
spacing of 0.335 nm. The existence of sprbon-bonded graphite crystals of carbon
support Gag and G confirm that acetylene black has a turbostratiocstire (Tang et
al.,, 2014). After the acid treatment with concettanitric acid, the (002) peak of
acetylene black carbon support became sharpemégrase. The functionalized acetylene
black (Gig) shows a smallerggh spacing value of 0.3473 nm and a larger crystadite

of 3.37 nm in comparison to pristine acetylene blearbon (Gas).
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Figure 5.1 XRD patterns of (a) pristine acetylene black carb@pag) and (b)
functionalized acetylene black carbomgCsupport.

Table 5.1 Physical properties of acetylene black support natelerived from XRD
patterns.

Carbon support C (002) peak| dgo2spacing | FWHM | Crystallite size
position 20 (nm) peak from XRD
©) (hm)
Pristine acetylene black 25.34 0.3513 3.09 2.82
carbon (Gag)
Functionalized acetylene 25.62 0.3473 2.53 3.37
black carbon (&g)

5.1.1.1.3 Fourier transform infrared spectroscopyKTIR) analysis

The Fourier transform infrared spectroscopy (FTiERa very useful analysis technique
that detects various characteristic functional geopresent in the carbon support samples
i.e., Goag and G, respectively. Fig (5.2) shows the FTIR spectr&gfs and Gg using

FTIR in the wavelength range of 500-4000tm
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Figure 5.2 FTIR spectra of (a) pristine acetylene black carb@pas) and (b)
functionalized acetylene black carbomgCsupport.

Both the samples of carbon support show four compeatks located at about 3111tm
2350 cn', 1560 cni and 1206 ci are attributed to the O—-H, GOC=C and CO-H
functional groups, respectively (Zu et al., 2013adlet al., 2013 and Jin et al., 2018).
Additional three peaks in functionalized acetyldiack carbon (&s) surface at 1730
cm?, 1383 cnit and 950 cnf, which are ascribed to the oscillation of carbaxgroups
(C=00H), O-H bending deformation in carboxylic agiups, and C-H out of plane
deformation, respectively (Tang et al., 2014)slevident from Fig (5.2b) and Table (5.2)
that the sufficient acidic functional groups haweb introduced after the acid treatment
on the surface of acetylene black carbon suppbes@é created oxygen-containing groups
on the surface of functionalized carbon supporig{Gesulting in hydrophilicity and

anchoring sites to form complexes with differentahens of platinum and ruthenium.
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Table 5.2 Comparison and shifting of bands data of pristi@ga) and functionalized
acetylene black carbon £g) support in FTIR analysis.

Stretching or bending functional groups Wavenumber
(cm™)
Pristine acetylene | Functionalized
black carbon acetylene black

(CPAB) carbon (C/_\B)
C-H, out of plane deformation 950
C—-OH stretching vibrations 1206 1206
O-H bending deformation in carboxylic ac|d 1383
C=C stretching vibrations of {5 backbones 1560 1560
C=0 stretching in carboxylic groups 1730
CO; signal 2350 2350
O-H group 3111 3111

5.1.1.1.4 Field-emission scanning electron microgop (FESEM) analysis

Fig (5.3a) and Fig (5.3l8how FESEM images of pristine acetylene blackagL and
functionalized acetylene black carbonag It is seen in the FESEM images that the
carbon support is of spherical morphology congistihcarbon nanospheres with a size in
the range of 40 to 60 nm. Pristine acetylene blaakbon (Gag) is consisted of
agglomerated spherically shaped carbon nanosphetescross-linked structure and
formed aggregates in the form of clusters or aicstepecific chain structure. The
morphological change in the functionalized acetgleblack carbon (£8) is not
significant in comparison to pristine acetylenecklaarbon (Gag), except for a minute
change in particle size (Fig 5.3b). These resulggsest that the treatment of carbon
support with HNQ@ does not affect their physical morphology severélpwever, it
modifies their surface chemical properties suclyafrophilicity and surface functional

groups which are discussed in the following section
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Figure 5.3bFESEM image of functionalized acetylene black car(fog).
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5.1.1.2 Physical Characterization of electrocatalys

5.1.1.2.1 X-ray diffraction (XRD) analysis

The XRD analysis provides thmrilk structural information of the electrocatalyst atsl i
support material. Fig (5.4a-f) presents the XRDtgras, mainly crystallographic
structures of the synthesized and commercial eleatalysts, respectively. The first
broad diffraction peaks at aboué ®»f 25.5° were observed for Pt-Ru/e-PLM, Pt-
Ru/Gopas-FAM, Pt-Ru/Gs-PLM, Pt-Ru/Gs-FAM, and Pt/Gg-PLM electrocatalysts due
to the assigned (003raphite crystalline plane of acetylene black carfGag) support
material with hexagonal structure. However, the diffraction pedkcarbon support
material is not found in the case of commerciaRBIC electrocatalyst because the peak
intensity of support material which is generallylsan XC-72R gives less intense due to
its lower crystallinity grade, compared to the n#iy of Pt-Ru metal peak (Goel and
Basu, 2014). The XRD patterns of all the electralgats(Fig 5.4a-e) display Pt-Ru alloy
diffraction peaks at around 40°, 47° and &&® attributed to Pt (111), Pt (200) and Pt
(220), respectively. This indicates the typical refcter of the face-centered cubic (fcc)
crystalline structure of platinum (Pt). The shifttbe Pt peaks to the higher angles is
found in the synthesized electrocatalyst due topitesence of Pt-Ru alloy. The XRD
pattern of commercial Pt-Ru/C (Fig 5.4e) electrabest shows broader peaks as
compared to synthesized Pt-Rwg€PLM and Pt-Ru/Gg-FAM. A similar trend is also
observed for commercial Pt-Ru/C in comparison tdRACoas-PLM and Pt-Ru/Gag-
FAM. Broader peaks of commercial Pt-Ru/C electralyat may be due to its lower
crystallinity and smaller particles having lattisgain. However, no diffraction peak for
Ru hexagonal structure is detected in the XRD patté electrocatalysts, indicating its
presence in the amorphous state either in the fdrmetallic ruthenium or ruthenium

oxides (Yang et al., 2003 and Datta et al., 2009).
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Figure 5.4 XRD patterns of (a) Pt-Ruias-PLM, (b) Pt-Ru/Gas-FAM, (c) Pt-Ru/Gg-
PLM, (d) Pt-Ru/Gg-FAM, (e) commercial Pt-Ru/C and (f) PH&EPLM electrocatalysts.
The lattice parameters (Table 5.3) of all the eteatalysts are smaller than that of Pt/C

(JCPDS # 040802, = 0.3915 nm) due to the formation of a Pt-Ru sebtltion (Li et

al., 2007).The reduction in the lattice parameter of Pt cilystaucture reveals the
incorporation of secondary smaller atomic-sizednatal (R = 1.39 A and R, = 1.34
A) into the Pt crystal to form Pt-Ru solid alloylsiion. This could result in the

contraction of Pt lattice parameter in Pt-Ru birtietaupported electrocatalysts.

The average crystallite sized:) of Pt-Ru bimetallic supported electrocatalystsreve
calculated based on the broadening of the Pt (p2@k using the Debye-Scherrer's

equation Equation (3.8s discussed in section 3.3.3.3. The diffractioakpeof Pt (220)
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from the XRD patterns were considered to calculaeaverage crystallite size and lattice
parameter of PtWang et al., 2011 and Tayal et al., 2D1Phe composition of the
supported Pt-Ru alloy electrocatalysts was caledldily the shift of Pt-Ru diffraction

peaks i.e., the variation of the lattice parameigrg,,c from the XRD patterns, which is
based on Vegard’s law (Chu and Gilman, 1996). Biecé parameterap,_g,,c) of Pt-
Ru alloy electrocatalyst was used to calculate ®me fraction (xg, X< 0.7) using the

relationship of Vegard’s law (Pires et al., 2013).

Apr-ruic = 8pyc ~ KXry 1p.

where ag,,c and ap,_g,,c are the lattice parameter of Pt/C and the Pt—Ruiyexl

electrocatalyst, respectively. The valueay,- is 0.3915 nm and the value of constant

K is 0.0124 nm were taken from published literaiwetolini et al., 2001 and Li et al.,

2007).

Further, the amounts of alloyed ruthenigfu,,, ) in the Pt-Ru/C alloy electrocatalysts

were calculated using the equation below (Antainal., 2001):

Ru *Ru (5.2)

alloy =
{(1—&@@1‘) }

Ru . . . . .
Where [ﬁj represents the nominal atomic ratio of Ru to Rt &g, is the atomic
nom

content of alloyed Ru fraction in the Pt-Ru/C allelectrocatalysts. The relative data
calculated from XRD diffraction patterns by the DelScherrer's equation (Equation

3.4) and Vegard’s law (Equations 5.1 and 5.2) aesgnted in Table (5.3).
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Table 5.3Data calculated from XRD patterns of electrocatslyyy the Debye Scherrer's
equation and Vegard’s law.

Electrocatalysts Average Lattice Pt (220) Ru Alloyed
crystallite size | parameter | position | fraction Ru
(d) by XRD | apiruc) | (Deg) | (xre) | (Wt %)
(nm) (nm)

Pt-Ru/Gag-PLM 3.8 0.3885 68.20 0.242 31.93
Pt-Ru/Gag-FAM 5.8 0.3889 68.10 0.210 26.58
Pt-Ru/Gs-PLM 3.6 0.3883 68.24 0.270 37.0
Pt-Ru/Gg-FAM 3.4 0.3884 68.22 0.254 34.04
Commercial Pt-Ru/C 2.8 0.3877 68.35 0.310 44.73

Pt/Cag-PLM 6.0 0.3915 67.60

It is seen from Table 5.3 that the average crysgadize of all the synthesized bi-metallic
electrocatalysts lies in the range of 3.4 nm torfiy8 The average crystallite size obtained
for the synthesized electrocatalysts supported rastine acetylene black £z i.e., Pt-
Ru/Goas-PLM and Pt-Ru/Gas-FAM is higher than that of the functionalized adene
black Gyg supported electrocatalysts Pt-Rpd€PLM and Pt-Ru/Gs-FAM, respectively.
The calculated average crystallite sizég 60f the synthesized Pt-Rufgs-PLM and Pt-
Ru/Goas-FAM electrocatalysts were 3.8 nm and 5.8 nm, retsgaly. It may be due to a
lack of oxygenated species on the surface of pasticetylene blackgxs. The alloying
degree of Ru for the synthesized Pt-Ru=PLM and Pt-Ru/Gas-FAM electrocatalysts
is 31.93 wt. % and 26.58 wt. %, which are lowentttze Pt-Ru/Gs-PLM (37 wt.%) and
Pt-Ru/Gs-FAM (34 wt. %), respectively. Whereas, lower agerecrystallite size is
obtained for the synthesized electrocatalyst PCRi+FAM with the Ru alloying of
about 34.04 wt. %. Although, the particle size isttée larger for Pt-Ru/Gs-PLM (3.6
nm) than electrocatalyst Pt-Rug=FAM (3.4 nm) and commercial Pt-Ru/C

electrocatalyst (2.8), the polyol method (Pt-Riy'®LM) results in higher Ru alloying of
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37.0 wt. % with Pt noble metal. The alloying of ®Rith Pt atom plays a very crucial role
in the electrooxidation of ethanol fuel. Thus, $wsized Pt-Ru/£g-PLM electrocatalyst
is expected to perform excellently and produce cmaiple results with the commercial
electrocatalyst Pt-Ru/C. It should be noted that gsmgle metal electrocatalyst Pt
PLM resulting in the largest crystallite size of rin. The TEM of synthesized
electrocatalysts was also performed to verify thalysis of the results of XRD of

synthesized electrocatalysts which are discuss#teifollowing section.

5.1.1.2.2 Field-emission scanning electron microgop (FESEM) analysis

The surface morphology of the electrocatalysts thasoughly examined via FESEM and
their images are presented in Fig (5.5a) to Fi§egp.1t is seen from Fig (5.5a) to Fig
(5.5e) that theelectrocatalysts particles are of nano-range witlifoum size. The
uniformity is more prominent in the FESEM images tiwe synthesized electrocatalysts
Pt-Ru/Gs-PLM (Fig 5.5¢) and commercial electrocatalyst RI®R (Fig 5.5e). The
FESEM analysis also confirms that the particle siaee in good agreement with the
average crystallite size calculated from XRD analgsid average particle size from TEM
analysis. The FESEM images also confirm that tmr®sized electrocatalysts are porous
which could facilitate mass transport from the bplkase to the active electrocatalysts

sites.
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Figure 5.5b FESEM image of Pt-Ru/iés-FAM electrocatalyst.
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Figure 5.5d FESEM image of Pt-Ru/g-FAM electrocatalyst.
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Figure 5.5eFESEM image of commercial Pt-Ru/C electrocatalyst.

5.1.1.2.3 Transmission electron microscopy (TEM) atysis

Fig (5.6a) to Fig (5.6e) show the typical TEM imag# electrocatalyst and their metal
particle size distribution. The average particiesiand histograms of the size distribution
of metal nanoparticles were estimated by counting tiameter of 150 metal
nanoparticles in an arbitrarily chosen area of theresponding TEM images. The
thorough analysis of TEM images depicts that thectebcatalysts consist of almost
spherical shape nano-sized particles, well-displensth negligible agglomerations on the
carbon support material. It is also observed in TB® images that the metal particle
sizes of each sample are less than 11 nm andIgliabglomerated irrespective of the
electrocatalysts types. Metal particles in the BitcRas-PLM and Pt-Ru/@as-FAM
electrocatalysts are in the nano range and a draadi the metal particles clumped

together to form slightly large aggregations (Figeband Fig 5.6b).

Indian Institute of Technology (BHU), Varanasi 221005 121



Chapter 5 Results and Discussion

The heavy black dots of Pt-Ru metal alloy electragat nanoparticles indicate well
dispersion over carbon supports lighter particted@®60 nm size. The particle size for
Pt-Ru/G-PLM synthesized catalyst ranges from 1.5 to 6.5 with an average particle
size of 3.8 £ 0.9 nm. The average particle size RvRu/Gg-FAM synthesized
electrocatalyst is 3.51 + 0.89 nm and the sizeidigion lies in the range of 1.5-8 nm.
Similarly, for commercial Pt-Ru/C electrocatalyte average particle size is 3.0 + 0.58
nm and size distribution ranges from 1.5 to 5.5 Himwever, the average particle size for
commercial Pt-Ru/C electrocatalyst is lower thamtlsgsized electrocatalysts but

particles are seemed to be slightly agglomeratep56e).

304 1m d=4.01:1.06

No. of Particles

Ll s

T T T
1.0 1.5 2.0 25 3.0 35 40 4550 5560 65 7.0 7.5 8.0

Particle Size d (nm)

Figure 5.6aTEM image and histogram of metal particle sizeritigtion of Pt-Ru/Gag-
PLM electrocatalyst.
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Figure 5.6b TEM image and histogram of metal particle sizerdiation of Pt-Ru/Gag-
FAM electrocatalyst.
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Figure 5.6c TEM image and histogram of metal particle sizeritistion of Pt-Ru/Gg-
PLM electrocatalyst.
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Figure 5.6d TEM image and histogram of metal particle sizeritistion of Pt-Ru/Gg-
FAM electrocatalyst.
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Figure 5.6eTEM image and histogram of metal particle sizerdistion of commercial
Pt-Ru/C electrocatalyst.

The average particle size estimated by TEM imageisthe average crystallite size by
XRD analysis is almost similar to an error of +%0(Table 5.4). The metal surface area
(SA) of the electrocatalyst was calculated from &apn (5.3) (Antolini and Cardellini

2001, Antolini et al., 2001 and Zhiani et al., 2R13
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A= 60000 (5.3)

th—Rudp

Pri-ru = Xpt X Ppy + Xy X Pry (5.4)

whereSA is the surface area {fg), d, is the average particle size (NNPp._g, is the
density of Pt-Ru alloy nanoparticlep,, is the density of Pt metal (21.4 g Gn Pru IS
the density of Ru metal (12.3 g Snand X, andX g, are the wt. % of Pt and Ru in the

electrocatalyst, respectively.

The metal surface areaSA) obtained for synthesized Pt-Ry/is-PLM, Pt-Ru/Gag-
FAM, Pt-Ru/Gg-PLM and Pt-Ru/Gs-FAM electrocatalysts are 20.46%y, 13.46 Mg,
22.26 nf/lg and 24.31 fig respectively. The metal surface area of all sgsized
electrocatalysts is slightly lower than the comrarcPt-Ru/C (25.62 £ig)

electrocatalyst (Table 5.4).

Table 5.4 The average patrticle size and specific area oftreleatalysts from TEM
analysis and comparison with XRD results.

Electrocatalysts Average Average Surface area
particle size @) | crystallite size (m?g)
by TEM (do) by XRD
(nm) (nm)
Pt-Ru/Gag-PLM 4.01+1.06 3.8 20.46
Pt-Ru/Gag-FAM 6.1 +1.65 5.8 13.46
Pt-Ru/Gg-PLM 3.8+0.9 3.6 22.26
Pt-Ru/Gg-FAM 3.51+£0.89 3.4 24.31
Commercial Pt-Ru/C 3.0+ 0.58 2.8 25.62

Indian Institute of Technology (BHU), Varanasi 221005 125



Chapter 5 Results and Discussion

However, the surface area of synthesized Pt-Ruretatalyst supported omgis higher
than that of the synthesized Pt-Ru supported pgp.CThis proves that functionalized
support material £ resulted in smaller particle sizes of thgsGupported bi-metallic Pt-
Ru electrocatalysts and thus, the high surface afesynthesized electrocatalysts Pt-

Ru/Cag-PLM and Pt-Ru/Gs-FAM were observed.

5.1.1.2.4 X-ray photoelectron spectroscopy (XPS) alysis

The chemical oxidation/valence states and surfacepositions of Pt and Ru metals in
the Pt-Ru/Gas-PLM, Pt-Ru/Gag-FAM, Pt-Ru/Gg-PLM, Pt-Ru/Gg-FAM and
commercial Pt-Ru/C nano electrocatalysts were aedlyoy XPS analysis. The XPS is a
surface-sensitive method and most of the clustemsitare surface atoms. Here it is
assumed that the bulk information of the associaledhents Pt, Ru, C and O in the
supported electrocatalysts i.e., Pt-Rig€an only be obtained from the XPS analysis of
the electrocatalysts. Fig (5.7a) to Fig (5.7e) delely show the Pt (4f) core regional
spectra of synthesized Pt-Rufg-PLM, Pt-Ru/Gas-FAM, Pt-Ru/Gg-PLM, Pt-Ru/Gg-
FAM, and commercial Pt-Ru/C electrocatalysts. Agoréed in the literature that the Pt
4f;, and 4§, peaks are deconvoluted into three sets of the @im-doublets (Lee et al.,
2011 and Pires et al., 2013). The first set offRtdnd Pt 44, doublets at 71.42—-71.7 eV
and 74.9-75.1 eV is assigned to pure metallit (Péro valance) state. The second
doublets set at 72.64—72.8 eV and 75.8-76.1 e\beamscribed to oxidized Psuch as
PtO or Pt(OH)species, whereas the third doublets set at 73.8-eMand 77.2—-77.9 eV
is related with the Pt oxide such as Pt@pecies (Lee et al., 2011 and Park et al., 2010).
The different methods followed for the synthesis ebéctrocatalysts could result in

different compositions of the oxidation statesha electrocatalyst metals present.
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Figure 5.7a XPS spectra in Pt 4f region of Pt-Rgig-PLM electrocatalyst. The solid

line represents the XPS fitted spectra and thedirdine represents the peaks due to
different Pt oxidation state corresponds t§ P£* and Pt".

Intensity (a.u.)

6 68 70 T2 T4 76 78 8 82
Binding Energy (eV)
Figure 5.7b XPS spectra in Pt 4f region of Pt-Ryfg-FAM electrocatalyst. The solid

line represents the XPS fitted spectra and thedirdine represents the peaks due to
different Pt oxidation state corresponds t§ P£* and Pt".
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Figure 5.7cXPS spectra in Pt 4f region of Pt-Ryf#PLM electrocatalyst. The solid line
represents the XPS fitted spectra and the brokenréipresents the peaks due to different
Pt oxidation state corresponds t8, " and Pt".
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Figure 5.7d XPS spectra in Pt 4f region of Pt-RufcFAM electrocatalyst. The solid
line represents the XPS fitted spectra and the dirdine represents the peaks due to

different Pt oxidation state corresponds t§ P£* and Pt".
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Intensity (a.u.)

6 68 70 T2 74 76 78 80 8

Binding Energy (eV)
Figure 5.7eXPS spectra in Pt 4f region of commercial Pt-Rel€:trocatalyst. The solid
line represents the XPS fitted spectra and thedmrdke represents the peaks due to
different Pt oxidation state corresponds t§ P£* and Pt".
The binding energies (BEs) of the Pt dicomponent at their corresponding relative
intensities are obtained from the respective magved of quantitative deconvoluted of
peaks and the corresponding full-width at the hadiximum (FWHM) values are
presented in Table (5.5). A slight shift of thé Btero valance) peaks towards higher
values of binding energies in comparison to thabuk Pt (BE of Pt 4f,= 70.5 eV) is
due to the effect of small particles and the Ptpsupinteractions (Lee et al., 2011 and
Pires et al., 2013). Generally,’R$ found that only the predominant species intt
electrocatalysts (53.780.52 %) The electrocatalyst supported on pristine acegyldack
(Cpag) and synthesized by the FAM method showed the dovaenount of metallic Pt
(P?) while using the same method/FAM supported on tionalized acetylene black

(Cag) exhibited the highest content of Plowever, there is an important contribution of

oxidized Pt species such a$'mRtO or Pt(OH) and Pt'/PtQ,. The pure metallic form is
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P which is slightly higher in the case of Pt-Ry4&FAM compare to Pt—Ru/G-PLM

and commercial Pt—Ru/C electrocatalysts (Table. 36 most preferential state of Pt

species i.e., P¥YPtO or Pt(OH) was found to be maximum in the case of Pt-Rg/C

PLM (28.66 %) (Pires et al., 2013). Irrespective tbé synthesis methods used for

electrocatalysts synthesis, thexgCsupported electrocatalysts resulting in a better

oxidation state of Pt species.

Table 5.5 Different oxidation states of Pt species and thelative intensities obtained

from binding energies (BE) of the Pt;Afcomponent of XPS spectra for Pt-Rpi&
PLM, Pt-Ru/Gas-FAM, Pt-Ru/Gg-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C

electrocatalysts.

Electrocatalysts

Pt 4%, component of XPS spectra

Pt species BE of | FWHM Relative
4f72(eV) (eV) | intensity (%)

Pt-RU/Goag-PLM P/ metallic Pt 71.64 2.0 57.84
P£*/PtO or Pt(OH) 72.78 2.5 27.31
PE/PtO, 74.7 3.2 14.85
Pt-RU/Goas-FAM Pt/ metallic Pt 71.7 2.0 53.74
P£*/PtO or Pt(OH) 72.69 2.5 26.26
P/PtO, 74.55 3.1 20.0
Pt-Ru/Gg-PLM P/ metallic Pt 71.42 2 57.0
P£*/PtO or Pt(OH) 72.64 2.5 28.66
P/PtO, 73.95 3.2 14.34
Pt-Ru/Gg-FAM Pt/metallic Pt 71.47 2 60.52
P£*/PtO or Pt(OH) 72.8 2.5 22.12
PE/PtO, 74 3.2 17.36
Commercial Pt—=Ru/G  Pt/metallic Pt 71.51 2 59.13
P£*/PtO or Pt(OH) 72.74 2.5 27.77
PE/PtO, 73.9 3.2 13.10
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The XPS spectra of Ru (3d)-C(1s) region for electtalyst samples are presented in Fig
(5.8a-e).The peak at 284.55 eV is attributed to graphitiboa (C(1s)) support material
in all the electrocatalysts substantiates theditee data (Rolison et al., 1999 and Arico et

al., 2003).

Intensity (a.u.)

! [ I ! I ! I !
275 280 285 290 295 300
Binding Energy (eV)

Figure 5.8 C(1s) + Ru(3d) region in (a) Pt-Ru/ts-PLM, (b) Pt-Ru/Gas-FAM, (c) Pt-
Ru/Cag-PLM, (d) Pt-Ru/Gg-FAM and (e) commercial Pt-Ru/C electrocatalysts.
Quantitative estimation of the oxidation statefaf(3d) spectra is a slight bit difficult, as
the C(1s) peak entirely covers the Rugdsignal and partially overlaps with the
Ru(3d,). However, two peaks at 280.3 eV and 281.5 eVhmeasily observed for the
synthesized electrocatalysts Pt-RygPLM and commercial Pt-Ru/C for theu (3d)
signal as shown in Fig (5.8). The peaks at 280.8ih a shoulder and 281.5 eV can be

qualitatively attributed to Ruand anhydrous RuQrespectively(Aricod et al., 2003 and
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Raman et al., 2006). However, a flat plateau ienkesi for Pt-Ru/Gs-FAM in the same
region. The shifting of these peaks appears attah8weV to the higher binding energies
concerning the corresponding standard values reghantthe literature, which may be due
to a large C(1s) peak tail (Arico et al., 2003).eTRu(3d;;) signal from hydrous
amorphous Ru, is predictable at a binding energyl eV higher than anhydrous
RuG,. Hence, the overlapping of the Ru{gdsignal with the intense graphitic C(1s)
peak, the presence of the hydrous ruthenium phesaot be excluded. Thus, it may be
concluded from the above discussion that the PERHPLM electrocatalyst is better
than the Pt-Ru/gas-PLM, Pt-Ru/Gas-FAM, Pt-Ru/Gg-FAM and commercial

electrocatalyst Pt-Ru/C about the oxidation stédfet@and Ru both.

5.1.1.2.5 Energy dispersive X-ray (EDX) analysis

The chemical composition of individual metal pdegalong with its support material
carbon of all the electrocatalysts was analyze@&D¥X (Fig 5.9a to Fig 5.9e). The EDX
patterns, obviously confirm the presence of desieégments Pt, Ru and C in the
electrocatalyst, respectivelyhe strongest C peak is assigned to the supposrialain

all the electrocatalysts. The electrocatalyst pieghdnas the desired elements with some
variation in composition as reported in Table (5.6he EDX results show that the
elemental composition of synthesized electrocatslyaries from point to point as the
electrocatalytic surface is heterogeneous. The BEpectrum also shows the presence of
oxygen and chlorine in electrocatalysts. The preseof chlorine may be probably
coming from the remains of metal precursors dutirggreduction process. The existence
of oxygen indicates the formation of ruthenium esfplatinum oxides which are visible
in XPS analysis (Table 5.6). The presence of tikesemon impurities has been reported

by Qian et al., (2008) and Tayal et al., (2011).
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Figure 5.9bEDX pattern of Pt-Ru/gag-FAM electrocatalyst.
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Figure 5.9dEDX pattern of Pt-Ru/gg-FAM electrocatalyst.
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Figure 5.9eEDX pattern of commercial Pt-Ru/C electrocatalyst.

Table 5.6 EDX results of the synthesized Pt-Rpig&PLM, Pt-Ru/Gas-FAM, Pt-
Ru/Cag-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C electrocatalysts.

Electrocatalysts Elements Composition Nominal
obtained by EDX composition
(wt. %) (wt. %)
Pt—Ru/Gag-PLM Pt 25.10 26.35
Ru 12.30 13.65
C 62.60 60
Pt—Ru/Gas-FAM Pt 24.70 26.35
Ru 12.21 13.65
C 63.09 60
Pt—Ru/Gg-PLM Pt 25.71 26.35
Ru 12.93 13.65
C 61.36 60
Pt—Ru/Gg-FAM Pt 25.62 26.35
Ru 12.59 13.65
C 61.79 60
Commercial Pt—-Ru/C Pt 28.58 30
Ru 13.74 15
C 57.68 55
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5.1.1.3 Electrochemical characterization of anoddextrocatalysts
5.1.1.3.1 Cyclic voltammetry (CV) analysis
Fig (5.10) showsthe cyclic voltammograms (CV) of synthesized Pt&g/tPLM, Pt-

Ru/Cag-FAM, and commercial Pt-Ru/C electrocatalystsdtitanol oxidation using 1 M

of C,HsOH mixed in 0.5 M of HCIQ.

80

— Pt-Ru/CPAB-PLM

......... Pt-Ru/CPAB-FAM
60

----- Pt-Ru/CAB-PLM
— - =Pt-Ru/CAB-FAM

— — commercial Pt-Ru/C

Current Density (mA/cm?)

0 0.2 0.4 0.6 0.8 1 1.2
Voltage (V)

Figure 5.10 CV characteristics of the synthesized Pt-RufPLM, Pt-Ru/Gas-FAM,
Pt-Ru/Gs-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C electrocatalysts in 15
HCIO, and 1 M ethanol solution at a scan rate of 20 mWsnperature 35° C.
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The electrooxidation peaks for ethanol fuel wenrenfibin the forward and backward scan
as well during the CV study. In the forward scane telectrooxidation of ethanol
produced a prominent anodic peak due to the eledttation of freshly chemisorbed
species. Fig (5.10) shows that the carbonaceousrtats species which are formed
during the forward scan are further dissociatedelgztrooxidation during the backward
scan. The noticeable electrooxidation peaks foareithfuel on the electrocatalysts Pt-
Ru/Goag-PLM, Pt-Ru/Gas-FAM, Pt-Ru/Gs-PLM, Pt-Ru/Gg-FAM, and commercial Pt-
Ru/C are presented in Table (5.7) including the itpes peak potentials and

corresponding peak current densities.

It is seen from the CV studies that the ethanattedexidation peak current density of
32.59 mA/cni at a potential of 0.686 V was generated during fovevard scan for
synthesized Pt-RufGs-PLM electrocatalyst, while Pt-Ruig-PLM produced a little
higher peak current density of 34.71 mAfaha peak potential of 0.671 V. Similarly, the
peak current density of 14.46 mA/¢at a peak potential of 0.805 V was observed for the
synthesized Pt-Rufs-FAM electrocatalyst, while the electrooxidationagecurrent
density of 19.05 mA/chwas observed for Pt-Rufg-FAM at a peak potential of 0.651
V. The CV studies show that the synthesized Pt-Baparted on functionalized Ag
carbon support resulting in better electrocatalyterformance due to their excellent
activity in comparison to pristine g carbon-supported electrocatalyst. The onset
potential of ethanol electrooxidation on all syrdized electrocatalysts Pt-Ru#g=PLM

and Pt-Ru/Gs-FAM showed a shift in the potential of 0.115 V ahd35 V towards less
positive in comparison to commercial Pt-Ru/C elszatalyst. It is observed from Fig
(5.10) and Table (5.7) that the ethanol electroatkicth peak potential during a forward

scan of synthesized Pt-RuW§sPLM and Pt-Ru/Gs-FAM are in the lowest potential

Indian Institute of Technology (BHU), Varanasi 221005 137



Chapter 5 Results and Discussion

0.671 V and 0.651 V in comparison to commerciatteteatalyst Pt-Ru/C (0.786 V). It
indicates that the loss in potential or overvoltagyédow for the synthesized Pt-Ruy:
PLM and Pt-Ru/Gs-FAM electrocatalyst. Besides, peak current dernisityighest (34.71
mA/cn?) for Pt-Ru/Gg-PLM and thus, possesses the highest catalytigigctbwards
ethanol oxidation among all anode the electrocatalyested. It may be due to better
alloying of Ru with Pt atom which plays a very aalaole in the electrooxidation of
ethanol fuel and this has already been discussedRiD analysis. During the backward
scan the Pt-Ru/(g-PLM electrocatalyst resulting in electrooxidatiohadsorbed species

at a very low potential of 0.419 V.

In the CV study, the ethanol electrooxidation \attés of anode electrocatalysts are
increased in the following order: Pt-Ru/g-FAM < Pt-Ru/Gg-FAM < commercial Pt-
Ru/C < Pt-Ru/Gag-PLM < Pt-Ru/Gs-PLM based on peak current densities (Table 5.7).
The Pt-Ru/Gg-PLM electrocatalyst was synthesized using the gdalgduction method
and is supported on functionalized carbaq@g,@vhich is the most active.

Table 5.7CV results of the synthesized Pt-Rpi&PLM, Pt-Ru/Gag-FAM, Pt-Ru/Gg-

PLM, Pt-Ru/Gg-FAM, and commercial Pt-Ru/C electrocatalysts an®@'s sweep rate
for ethanol electrooxidation.

Electrocatalysts Forward scan Backward scan
peak peak current peak peak current
potential density potential density
(V vs. (mA/cm?) (V vs. (mA/cm?)
Ag/AgCl) Ag/AgCl)
Pt-Ru/Goag-PLM 0.686 32.59 0.512 23.82
Pt-Ru/Gag-FAM 0.805 14.46 0.626 10.95
Pt-Ru/Gs-PLM 0.671 34.71 0.419 13.30
Pt-Ru/Gg-FAM 0.651 19.05 0.483 13.15
Commercial Pt-Ru/C  0.786 31.15 0.500 19.31
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5.1.1.3.2 Chronoamperometry (CA) analysis

The chronoamperometry tests of electrocatalystsigeoclues on the rate of surface
poisoning or stability loss under certain test ¢bods. The main aim here is to check if
there is a rapid poisoning of the electrocatalygioru ethanol electrooxidation.
Chronoamperometry tests for the ethanol electraidad at different potentials were
carried out at an ethanol concentration of 1 M mthanixed with 0.5 M HCIQand the

results are presented in Fig (5.11a) and Fig (5.11b

35
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Figure 5.11aCA test of ethanol oxidation in 0.5 M perchloriada@HCIO,) containing 1
M ethanol (GHsOH) solution on synthesized Pt-Rupjfg-PLM, Pt-Ru/Gas-FAM, Pt-
Ru/Cag-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C electrocatalysts 50V vs.
Ag/AgCl at room temperature 3&.
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Figure 5.11bCA test of ethanol oxidation in 0.5 M perchloriada@HCIO,) containing 1
M ethanol (GHsOH) solution on synthesized Pt-Rupjfg-PLM, Pt-Ru/Gas-FAM, Pt-
Ru/Cag-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C electrocatalysts at 0.8s.
Ag/AgCl at room temperature 3&.
It can be observed that currents for ethanol elegidation on all the electrocatalysts
dropped rapidly and then became relatively stafite. dramatic decrease can be ascribed
to diffusion effects and the gradual decreaseémttisoning of electrocatalysts due to the
formation of intermediates during ethanol electkidation (Tayal et al., 2011 and Tayal

et al., 2012). The reference potential (0.8 V artb\0) for the chronoamperometry test

were obtained from CV results (Fig 5.10).

It is found that at a lower potential of 0.45 VdF.11a), the current for ethanol oxidation

on Pt-Ru/Gg-PLM electrocatalyst is significantly higher tham call the other
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electrocatalysts. Similarly, at the higher potdntaf 0.8 V (Fig 5.11b), the
electrooxidation current on Pt-Ru§&PLM synthesized electrocatalyst is always higher
in comparison to synthesized Pt-RpfgsPLM, Pt-Ru/Gag-FAM, Pt-Ru/Gg-FAM, and

commercial Pt-Ru/C electrocatalysts.

5.1.1.4 Electrochemical characterization of cathodelectrocatalysts
It has already been discussed in literature reyR&ge no. 59) that the oxygen reduction
reaction (ORR) proceeds by two possible reacticghvpays in acidic medium (i) single

step four electron (4gpathway and (ii) two step 2+2 electron pathways.

Fig 5.12 presents the cyclic voltammograms (CVsgathode (Pt/Gspeq at a scan rate
of 20 mV/s in 0.5 M HCIQ solution saturated with oxygen or nitrogen gaski5.12,
the oxygen gas saturated electrolyte (0.5 M HEI® represented by a solid line, while
the nitrogen gas saturated electrolyte is showm lo\ashed line. The cathode electrode
was fabricated using commercial electrocatalysEiRipecwith loading of 1 mg/crh Fig
5.12 shows that the single oxygen reduction pedkearreverse scan at 0.47 V for 0.5 M
HCIO, solution saturated with oxygen gas. The singlegexyreduction peak for the
Pt/Guispec cathode was observed at 0.47 V with a peak cudensity of -4.83 mA/ch
corresponding to the single step four electron)(@e-to H,O pathway mechanism, as
discussed in the literature revigiEquation 2.14, Page no. 59). Whereas no reduction
peak is observed during the reverse scan in theepoe of nitrogen gas saturated
electrolyte, since no dissolved oxygen is preserthé electrolyte solution. These results
are in good agreement with literature data repobeduo et al., (2005) and Pramanik

and Basu, (2011). In addition, the Ri&pec shows well-pronounced peaks associated
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with hydrogen adsorption/desorption in potentigiioes of -0.3 V and 0.1 V, exhibiting a

highly electrochemically active surface area ofetextrocatalyst (Fig 5.12).

It should be noted that the CV of cathode Pt/Cudised in this section are used for the
explanation of experimental results obtained by DEFC studies using all other

synthesized electrocatalystsRart-Ib andPart-1l also.
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Figure 5.12 Cyclic voltammograms for Pt{{spec cathode in 0.5 M HCIlQelectrolyte
solution saturated with pure oxygen or nitrogen gas scan rate of 20 mV/s; room
temperature of 30 °C.
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5.1.1.5 DEFC study

5.1.1.5.1 Effect of electrocatalyst type

The electrocatalytic activities of the synthesiz®l commercial electrocatalysts were
tested in a DEFC single cell setup which is pre=gnh Fig (5.13). Electrocatalyst
loading at the anode was 1 mgfcof synthesized Pt-Rufas-PLM, Pt-Ru/Gag-FAM,
Pt-Ru/Gs-PLM, Pt-Ru/Gg-FAM and commercial Pt-Ru/C electrocatalysts, retpely.

The cathode was made of commercial Rt/ of fixed loading i.e., 1 mg/c
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Figure 5.13 Single cell performance characteristics for difféeranode electrocatalysts
for anode feed of 1 M ethanol. Cathode feed: huieilipure oxygen; Biode= 1 bar
(absolute); Solid line-polarization curves; Dotted-power density curves.
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The electrolyte used was a commercial N&fiai7 membrane. The DEFC was operated
at a temperature of 35 °C which was kept similatht of CV experiments performed.
As observed in CV experiments (Fig 5.10), Pt-Rg/CLM resulted in a comparable
performance with the commercial Pt-Ru/C electrdgatain the DEFC test also (Fig

5.13).

It is observed from the single cell study, the bgsized electrocatalysts supported
functionalized carbon support fg) resulting in enhanced cell performance in
comparison to pristine carbon supporb£g) while adopting the same synthesis method.
Moreover, electrocatalyst synthesized via the PLMthod always showed better
performance in terms of current and power densigyntany other electrocatalysts tested
in the present DEFC. The maximum OCV of 0.71 V whtained for Pt-Ru/g&s-PLM,
which is near about the same that of the commeRti&Ru/C (0.717 V) electrocatalyst.
Synthesized electrocatalyst Pt-Ru€FAM produced relatively lower OCV 0.685 V
than Pt-Ru/Gs-PLM and commercial Pt-Ru/C (0.717 V) electrocadalyThe DEFC
constructed with synthesized Pt-Rw#€PLM anode electrocatalyst yielded a maximum
power density of 6.02 mW/cim which is higher than with commercial Pt-Ru/C
electrocatalyst (5.13 mW/dn and with synthesized Pt-Ru{§&FAM electrocatalyst
(4.54 mWi/cn). For both Pt-Ru/Gas-PLM and Pt-Ru/Gas-FAM electrocatalysts, the
maximum power density of 5.47 mW/émnd 3.85 mW/criwere obtained at a current
density of 19.20 mA/cfand 15.20 mA/cr respectively. After treatment of pristine
acetylene black, there is an increase in OCV oR#EGxs-PLM and Pt-Ru/Gs-FAM
anode electrocatalysts, which indicates a diffezeimcethanol electrooxidation reaction
mechanism due to the presence of oxygenated sudaceps at the surface of

functionalized carbon £z as explained in FTIR section (Goel and Basu, 2014)
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A rapid fall in cell voltage was observed for aléctrocatalysts, which may be due to the
slow initial ethanol electrooxidation reaction aetelectrode surface. Moreover, metal
particles are well dispersed on polyol method sgsited electrocatalyst (Pt-Rug=
PLM) and thus showed better performance than tihengercial Pt-Ru/C electrocatalyst.
Enhanced performance of Pt-RysfcPLM synthesized electrocatalyst could also be
attributed to the positive effect of functionalizadetylene black (£z) as support having
high electrical conductivity, large pore volume,damore uniform distribution of the
ionomer in the anode electrocatalyst layer whiclilddoresult in enhanced ethanol
electrooxidation kinetics to give the highest cotrdensity of 19.52 mA/cfn The XPS
results also predicted better performance for sgiled Pt-Ru/C-PLM electrocatalysts
(Fig 5.7). Due to the highest electrocatalytic\astiof the synthesized electrocatalyst Pt-
Ru/Cag-PLM, it was used as an anode electrocatalyst ftinozation of other operating

parameters like concentration and temperature,iwdme presented in the next section.

5.1.1.5.2 Effect of ethanol concentration

Fig (5.14) shows the effect of ethanol concentratam the polarization and power
density curves using the synthesized Pt-Rg/BLM as the anode and PiGpec as
cathode electrocatalyst, respectively. The fixeztbcatalyst loading of 1 mg/énwas
applied to both electrodes. The cathode oxidand wses humidified oxygen. It is seen
from Fig (5.14)that the cell performance in terms of voltage andent increases with
the increase in ethanol concentration from 0.5 M2td/, while further increase in
concentration to 3 M, the cell performance decreaAsiequate fuel ethanol is unable to
reach the electrocatalyst layer at a very low ethaancentration of 0.5 M to sustain the

increased current density and thus the cell ouymuxpectedly decreases due to
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limitations in mass transport. Similar results haleady been reported by Song et al.,

(2005) and Pramanik and Basu, (2007).
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Figure 5.14 Single cell performance characteristics for andéetecatalyst Pt-Ru/£g-
PLM using varying ethanol concentration as anoeel fat a cell temperature of 35 °C.
Cathode feed: pure humidified oxygenaidse = 1 bar (absolute); Dotted line-power
density curves; Solid line- polarization curves.

The maximum OCV of 0.712 V anchaximum power density of 8.28 mW/érat a

current density of 27.36 mA/cmwere obtained for the ethanol concentration of 2 M.
Whereas, the ethanol concentration of 1 M and 3rddlpced a maximum power density
of 6.02 mW/cr at a current density of 19.52 mA/€mnd maximum power density of

7.08 mW/cn at a current density of 24 mA/énrespectively. The ethanol concentration
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of 0.5 M generated a very low power density of W /cnf at a current density of 17.60

mA/cn?.

With an increase in ethanol concentration, the endrrdensity increases due to an
improvement in the reaction rate at a higher ethaancentration, which could facilitate
an increase in the diffusion of ethanol concerdrato the electrocatalyst layer (Larminie
and Dicks, 2003, Heysiattalab et al., 2011 and #®l=4 al., 2011). However, at a higher
ethanol concentration of 3 M, the cell performadeereases due to blockage of active
sites of electrocatalyst at a high concentrationclvhindersthe availability of water
molecules to the active sites. Moreover, exceseaated ethanol may cross through the
polymeric membrane on the cathode side. The cribssel fuel results in a mixed
potential and cathode electrocatalyst poisoningrinduce cell performance (Azam et al.,

2019).

Although, not showrhere a similar trend for ethanol concentration depace is also
observed for Pt-Ru/(g-FAM and commercial Pt-Ru/C as anode electrocatalyBhe
detailed single cell studies are presented in Agpe@ (Fig C.1 and Fig C.2, Page no.

279, 280).

5.1.1.5.3 Effect of cell temperature

The effects of temperature on cell performance peegformed for the synthesized
electrocatalyst Pt-Ru/g-PLM only, as it produces the highest power denattyoom
temperature of 35C. Fig (5.15) illustrates the effect of cell temperasiusing the
synthesized Pt-Ru/g-PLM of 1 mg/cni as the anode and PiGec as cathode
electrocatalyst, respectively.is observed in Fig (5.15) that the maximum podensity

and current density both increase with the incréaseemperature of up to 8C. It
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should be noted that the maximum cell temperatuas maintained at 8@ given the
boiling point of ethanol of about 78.2C. The temperature dependence of cell
performance indicates ethanol electrooxidation tieseon synthesized Pt-Rulg>PLM

electrocatalyst is thermally activated.
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Figure 5.15Single cell performance characteristics for varyieti temperatures using an
anode feed of 2 M ethanol solution. Cathode feede phumidified oxygen; Rinode= 1
bar (absolute); Dotted line-power density curvedidsine- polarization curves.

It is reported in the literature, high temperatnot only reduces activation overpotential

but ohmic and concentration overpotential also.hiy)h temperature (T < 88C), the
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proton conductivity of the NafiShmembrane is significantly improved, which resiitts
decreased ohmic polarizatiodlfate et al., 201)1 Additionally, the high operating
temperature of cell operation also favors the ntesssfer rate of the reactant and thus,
decreasing the concentration overpotentad€l and Basu, 20)2The OCV of the single
DEFC also increases due to the positive effecemiperature and this could be explained
by the Nernst equation (Larminie and Dicks, 2003k maximum power density of 8.28
mWi/cn? at a current density of 27.36 mA/Erwas obtained when the cell was
functioning at room temperature of 35 °C. Howe\BEFC performance was improved
significantly at the highest operating temperanff80 °C. The maximum OCV of 0.736
V and maximum power density of 15.12 mWfcat a current density of 48.16 mA/gm
were achieved at this temperature {8). A noticeable increase in the power density i.e.
about 83 % was achieved for the temperature inerram 35°C to 80°C. The effect of
temperature on DEFC performance for the anode usomgmercial electrocatalyst Pt-

Ru/C is presented in Appendix D (Fig D.1, Page2&i.).
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5.1.2 Post treated bi-metallic electrocatalysts syjorted on Cag: Part-1b

The physical characterization of support materig Gas been reported in section 5.1.1.1
(Page no. 108). The important physicochemical ptegse electrochemical properties,
and performance of post-treated polyol synthesRetased bi-metallic electrocatalysts
supported on & are discussed below in detail. It should be ndted the modified
polyol synthesis method (PLM) was adopted heresfectrocatalyst synthesis and its post
treatment as this route PLM produced most actieetelcatalyst Pt-Ru/i-PLM which

are discussed in theart-la (Page no. 138).

5.1.2.1 Physical characterization of electrocatalys

5.1.2.1.1 X-ray diffraction (XRD) analysis

The XRD measurements were obtained to investigaée arystal characteristics of
electrocatalysts and results are presented ing=ig). The first broaddiffraction peak at
around 2 = 25.3° is associated with the carbon/graphite)@fystalline plane of its
hexagonal structure for all the samples. The PERu1b6yn fresh electrocatalyst display a
broad diffraction peak at 38.7° which is due to sheerposed effect of Ru@t 35.2°
(101) and Pt diffraction peak at 39.7° (111), wihiile other diffraction peaks at Pt (200),
Pt (220), Pt (311) and Pt (222) are too weak tolbgerved. The XRD pattern of Pt-
Ru/Cag-syn electrocatalyst reveals its poor crystallitrecture. After the post-treatment
in a reductive (K) atmosphere, the Ru(peaks disappear from the post-treaid
Ru/Cag-H2-RT and Ru/Gg-H»>-160 electrocatalysts. However, post-treated in an
oxidative (air) atmosphere increased the crysigllinof Pt-Ru/Gg-Air-160
electrocatalyst. The three additional peaks at®283.2° and 54.4° were observed for Pt-

Ru/Cag-Air-160 electrocatalyst can be indexed to the §11001) and (211) planes of
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anhydrous crystalline rutile Ry@JCPDS no. 43-1027). This suggests that the Rund

Pt phase are separated further during post-treatnmeler an oxidative atmosphere.
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Figure 5.16 XRD patterns of (a) Pt-Ru/z-syn, (b) Pt-Ru/Gs-H,-RT, (c) Pt-Ru/Ggs-
Air-160, (d) Ru/Gg-H>-160 and (e) commercial Pt-Ru/C electrocatalysts.

The lack of characteristic diffraction peaks of atlkt Ru or Ru oxides/hydroxides in the
XRD patterns of the post-treated under reductivenoaphere and commercial
electrocatalysts, suggests that Ru atoms form alnadfby with Pt atoms or exist as
oxides in the amorphous form (Chu et al., 2010 ldncet al., 2016)On the other side,
the XRD patterns of Pt-Rufg-H>-RT, Pt-Ru/Gg-Air-160, Pt-Ru/Gg-H»-160, and

commercial Pt-Ru/C electrocatalysts represent ttpécal face-centered cubic (FCC)

crystalline Pt diffraction peaks. The XRD pattewfsall the Pt-Ru/C electrocatalysts
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samples except Pt-Ruig>sny showed the Pt diffraction peaks shifting tbigher 26
degree compare to pure Pt diffraction peaks, winsteals that the Ru atoms (smaller
than Pt) are incorporated into Pt crystal latt@darm an FCC solid solution between Pt
and Ru. The Pt (220) peak was selected to estithataverage crystallite sizel () of
electrocatalysts samples based on the Debye Sckesrpation (Equation 3.4). The Pt
(220) peak was chosen due to its relative isoldtimm carbon contributions. The average

crystallite size of the Pt-Rupg-syn electrocatalyst could not be calculated du¢héo

weak intensity of Pt (220) diffraction peak.

The Ru atomic fractionx,) in the bimetallic Pt-Ru/C electrocatalysts wereasured

usingVegard’s lawEquation (5.1 Antolini and Cardellini, 2001 and Pires et al.13))
which is based on the shifting of Pt diffractionage and variation in lattice parameters

from the XRD patternsThe values ofxg, calculated via Equation (5.1) of all the bi-

metallic electrocatalysts are reported in Tabl8)(5.

Table 5.8 Data obtained from XRD patterns of electrocatalysialyses by the Debye
Scherrer’s equation (Equation 3.4) and Vegard's(Bguation 5.1).

Electrocatalysts Average Lattice Pt (220) Ru Alloyed
crystallite | parameter(a) peak fraction Ru
size (d,) (nm) position (Xgy) (wt. %)
(nm) 26 (°)
Pt-Ru/Gg-syn 0.3913 67.63 0.024 2.49
Pt-Ru/Gg-Ho-RT 3.2 0.3880 68.30 0.290 40.84
Pt-Ru/Gg-Air-160 3.5 0.3899 67.90 0.137 15.87
Pt-Ru/Gg-H2-160 3.8 0.3889 68.11 0.217 27.71
Commercial 2.8 0.3877 68.35 0.315 45.98
Pt-Ru/C
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The resulting average crystallite size, latticeapagters, and alloying degree related to Pt
(220) peak of the electrocatalysts from the XRDOgyas are presented in Table (5.8). The

alloying degree of RuRu,,, ) in the bi-metallic supported Pt-Ru electrocateywas

alloy
calculated using the relationship Equation (5.2) aready discussed. The average
crystallite sizes for Pt (220) of the Pt-RugcH,-RT, Pt-Ru/Gg-Air-160, Pt-Ru/Gg-Hz-
160, and commercial Pt-Ru/C electrocatalysts wateutated to be 3.2 nm, 3.5 nm, 3.8
nm, and 2.8 nm, respectively. It is also obserntet the lattice parameters of the Pt-
Ru/Cag electrocatalysts are in the range of 0.38¥.3899 nm, which is lower than that of
pure Pt (0.3923 nm) or Pt/Ga(= 0.3916 nm) (dos Santos et al., 2006 and Gud..et a
2007). The alloying degree of ti#-Ru/Gg-H2-RT electrocatalyst was as high as 40.84
%. Whereas, freshly synthesized electrocataly®RWPEs-syn showed Ru alloying of
2.49 % only. This indicates that most of the Ru®the as-synthesized Pt-RufEsyn
electrocatalyst is further reduced by the flbw at room temperature and improves its
alloy formation. When the post-treatment reductiemperature was increased to 160 °C
in the presence of Hlow, caused drastic agglomeration of crystaliiiee and alloying
degree of Ru/gg-H»-160 was lower (27.71 %) than that of post-treatiedtrocatalyst at
room temperature/Pt-Rufg-H>-RT (40.84 %). The post-treated electrocatalysthi@
presence of air at a temperature of 160 °C (Pt-jy1Air-160) showed the lowest
alloying degree of about 15.87 % due to lack ofupstly environment. It is clearly
observed in Table (5.8) that the amount of Ru albwith Pt is smaller than nominal
values, which suggest that a part of Ru is preagmixides in the amorphous form on the
electrocatalyst surface and cannot be detectedRiy Keasurements (Datta et al., 2009

and Hu et al., 2016).
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5.1.2.1.2 FESEM-EDX analysis

The FESEM images and corresponding EDX patterrikeotynthesized and commercial
bimetallic electrocatalysts are presented in Fid4&) to Fig (5.17e). The elemental
compositions and metal loading on the carbon suppbrthe electrocatalysts are
examined by the EDX spectrum. It is clearly seeffrion (5.17a) to Fig (5.17e) that the
electrocatalysts particles are of nano-range aei flurface morphology is uniform. The
FESEM images also confirm that the synthesizedtreleatalysts are made of porous

spherical particles which could facilitate massi$gaort from the bulk phase to the active

electrocatalysts sites.
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Figure 5.17a FESEM image and corresponding EDX pattern of PGRsssyn
electrocatalyst.
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Figure 5.17b FESEM image and corresponding EDX pattern of PERasH,-RT
electrocatalyst.
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Figure 5.17c FESEM image and corresponding EDX pattern of PGRs+HAIr-160
electrocatalyst.
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Figure 5.17d FESEM image and corresponding EDX pattern of Rg/B>-160
electrocatalyst.
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Figure 5.17e FESEM image and corresponding EDX pattern of corsrakiPt-Ru/C
electrocatalyst.

The EDX spectrum of all the electrocatalysts revahe presence of desired elements
such as Pt, Ru, and C respectively; which can beab&sl to the Pt-Ru electrocatalyst
nanoparticles supported on the carbon supportsirbagest C peaks in all EDX patterns
were observed due to the presence of the acetllank support material. Post-treatment

does not promote significant alterations in the ED&minal values. The average
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elemental compositions of all the electrocatalystaluated by EDX analyses are
summarized in Table (5.9). Total metal loading lo@ ¢arbon support was around 40 wt.
% and was similar in each case. The desired elenoempositions were nearly in good

agreement with the nominal compositions with so@gations.

Table 5.9 EDX compositions of synthesized Pt—-Rpg&yn, Pt—-Ru/@s-H>-RT, Pt—
Ru/Cag-Air-160, Pt—Ru/Gg-H>-160 and commercial Pt-Ru/C electrocatalysts.

Electrocatalysts Nominal Composition Composition
composition obtained by EDX obtained by EDX
(wt. %) (wt. %) (at. %)
Pt-Ru/Gg-syn Pt: 26.35, Pt: 25.71, Ru: 12.93,| Pt: 50.75 ,Ru: 49.25
Ru:13.65, C: 60 0:1.16, C: 60.2
Pt-Ru/G-H2-RT Pt: 26.35, Pt: 24.62, Ru: 12.59,| Pt: 50.33 ,Ru: 49.67
Ru:13.65, C: 60| 0O: 3.59, C: 59.20
Pt-Ru/Gg-Air-160 Pt: 26.35, Pt: 25.40, Ru: 12.51,| Pt: 51.27 ,Ru: 48.73

Ru:13.65, C: 60| 0O:2.80, C: 59.29
Pt-Ru/Gg-H»-160 Pt: 26.35, Pt: 25.81, Ru: 12.10,| Pt: 52.50 ,Ru: 47.5(
Ru:13.65, C: 60, 0O:1.80, C: 59.39
commercial Pt: 30, Ru:15, C] Pt: 28.40, Ru: 13.28, Pt: 52.56 ,Ru: 47.44

Pt-Ru/C 55 0:1.77, C: 56.55

The presence of common impurities such as chlava® also observed. However, traces
of chlorine impurity are almost negligible and mag attributed due to the remains of
metal precursors used in electrocatalyst syntha@s$is.presence of oxygen indicates the
formation of ruthenium oxides or platinum oxidesiethhave been reported by many
other investigators for Pt-Ru/C electrocataly3tar(g et al., 2003 anDatta et al., 2009)

The presence of chlorine common impurity has atsnlreported byayal et al., (2011).
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The peak of aluminum at 1.5 eV was also observedngluEDX analysis, which

originates from the sample holder (Tayal et al128nd Qian et al., 2008).

5.1.2.1.3 Transmission electron microscopy (TEM) alysis

The dispersed state, particle size, and particke glistribution histogram of the

electrocatalysts were analyzed by TEM images (Fi§&to Fig 5.18e). It is seen in Fig
(5.18a) to Fig (5.18e), most of the nanoparticles lromogeneously distributed on the
carbon support surface in all the electrocataly$te histogram of the particle size
distribution reflects the size distribution in tR&Ru/Gg electrocatalysts quantitatively.

The heavy dark spots represent Pt-Ru metal allopperticles, which are well dispersed
over the lighter particles carbon support surfa#@80 nm size). The electrocatalysts
synthesized by the modified polyol method show wledpersed metal nanoparticles on
the carbon support with varying degrees of disperdtrig (5.18a) shows that synthesized
fresh Pt-Ru/Gg-syn electrocatalyst nanoparticles are not contiaeseh other due to the

adsorption of glycolate acid on metal nanopartieled carbon support which preventing

the interconnection of nanopatrticles.
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Figure 5.18aTEM image and corresponding size distribution lgetaon of Pt-Ru/Gg-
syn electrocatalyst.
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Figure 5.18b TEM image and corresponding size distribution lysaon of Pt-Ru/Ggs-
H2>-RT electrocatalyst.
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Figure 5.18cTEM image and corresponding size distribution lgsaon of Pt-Ru/Ggs-
Air-160 electrocatalyst.
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Figure 5.18d TEM image and corresponding size distribution lysion of Ru/Gg-H,-
160 electrocatalyst.
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Figure 5.18eTEM image and corresponding size distribution lgston of commercial
Pt-Ru/C electrocatalyst.

However, when the Pt-Rujg-syn electrocatalyst undergoes post-treatmentarHhgas
stream at room temperature (30 °C), the nanopestite interconnected together to form
bigger particles. This indicates that the posttiremt of electrocatalyst in 4gas flow
modifies the morphological structures of the Pt&gliH,-RT electrocatalyst and
crystallite size. Post-treatment in an airstreama s#¢mperature of 160 °C also modified
slightly morphological structures and the growthnahopatrticles is also observed in the
Pt-Ru/Gs-Air-160 electrocatalyst. When the electrocatalysts post-treated under,H
gas flow stream at a temperature of 160 °C, grgatiynoted further agglomeration and
interconnection of metal nanoparticles as obseniad the Pt-Ru/Gg-H>-160
electrocatalyst (Fig 5.18d). The particle size RirRu/Gg-syn electrocatalyst ranges
from 1.5 to 4 nm, with an average particle siz2.6f+ 0.35 nm. The average particle size
for Pt-Ru/Gg-H2-RT synthesized electrocatalyst is 3.3 = 0.85 nnd dhe size
distribution lies in the range of 1.5 to 6 nm. Sarly, for the commercial Pt-Ru/C

electrocatalyst, the average patrticle size is BB nm, and size distribution range from
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1.5 to 5.5 nm, which is very close to the synthedipost-treated electrocatalyst Pt-
Ru/Cag-H2-RT. However, the average particle size of Pt-Rp/8ir-160 (4.06 £ 1.13
nm) and Pt-Ru/gs-H»-160 (4.36 £ 1.56 nm) are larger than Pt-Ru/€E,-RT and
commercial Pt-Ru/C electrocatalysts, respectiv&lye size distribution ranges are also
wider for Pt-Ru/Gg-Air-160 (1.5 nm to 7.0 nm) and Pt-Ry#=H>-160 (1.5 nm to 8.5
nm) in comparison to Pt-Rufg-H,-RT and commercial Pt-Ru/C electrocatalysts. The
average particle sizes obtained from the TEM (Tah®0) images agreed with the

crystallite size values calculated from XRD meas@sts.

Table 5.10 The average particle size of electrocatalysts froEM analysis and
comparison with XRD results.

Electrocatalysts Average particle size ,) | Average crystallite size ¢.)

by TEM by XRD

(nm) (nm)

Pt-Ru/Gs-syn 2.6 £0.35
Pt-Ru/Gs-H>-RT 3.3+£0.85 3.2
Pt-Ru/Gg-Air-160 4.06£1.13 3.5
Pt-Ru/Gg-H2-160 4.36 £ 1.56 3.8
Commercial Pt-Ru/C 3.0+£0.58 2.8

5.1.2.2 Electrochemical characterization of anoddextrocatalysts

5.1.2.2.1 Cyclic voltammetry (CV) analysis

The ethanol electrooxidation activities of all tlsgnthesized electrocatalysts were
evaluated in cyclic voltammetry (CV) tests. Figl®).shows the CV curves of ethanol
electrooxidation on the polyol synthesized eledtalysts in nitrogen saturated

atmosphere in the potential range from 0 to 1.GMgia uniform scan rate of 20 mV/s. It
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is seen fronfig (5.19)that all the electrocatalysts resulting in a welfided peak during

the forward and backward scans as well.

100
= Pt-Ru/CAB-syn
— — Pt-Ru/CAB-H2-RT
04 Pt-Ru/CAB-Air-160
/ —
----- Pt-Ru/CAB-H2-160 . ~_1
= - = commercial Pt-Ru/C / /

Current Density (mA/cm?)

Voltage (V)

Figure 5.19Cyclic voltammograms of synthesized Pt-Ry/@&yn, Pt-Ru/Gg-H2>-RT, Pt-
Ru/Cag-Air-160, Ru/G-H»-160 and commercial Pt-Ru/C electrocatalysts in BL5
HCIO, containing 2 M ethanol with a scan rate of 20 mafid at a temperature of 40 °C.
The forward and reverse peak potentials and thairesponding current densities of
ethanol electrooxidation on the synthesized andneerunial electrocatalysts obtained by
CV tests are summarized in Table (5.11). The swiebd electrocatalyst Pt-Ru{§&Ho-
RT gives the highest peak current density of 78m9cn? at a peak potential of 0.845

V. Moreover, during the reverse scan of the saneetmcatalyst also produced the

highest peak current density of 59.08 mA7aha peak potential of 0.576 V.
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Table 5.11CV results of synthesized Pt-Ru#zsyn, Pt-Ru/Gs-H2-RT, Pt-Ru/Gg-Air-
160, Ru/Gg-H2-160, and commercial Pt-Ru/C electrocatalysts anX@s sweep rate for

ethanol electrooxidation.

Anode Forward scan Reverse scan
electrocatalyst
peak peak current peak peak current
potential density potential density
(V) (mA/cm?) V) (mA/cm?)
Pt-Ru/Gg-syn 0.825 43.74 0.658 33.20
Pt-Ru/Gg-Ho-RT 0.845 78.35 0.576 59.08
Pt-Ru/Gg-Air-160 0.808 56.95 0.596 40.60
Pt-Ru/Gg-H»-160 0.779 59.90 0.60 44.31
commercial Pt-Ru/C 0.796 61.60 0.52 37.50

On the other hand, the peak current density ofGinB/cnt at a peak potential of 0.796
V was obtained for commercial Pt-Ru/C electrocatalylthough, peak potential for
commercial Pt-Ru/C during the reverse scan waspgessive (0.52 V), the peak current
density was the lowest (37.50 mA/nof all synthesized post-treated electrocatalysts.
The anodic peaks during the forward scan for PERs+AIr-160 and Pt-Ru/@g-H»-160
electrocatalysts were appeared at about 0.808 \W0af®® V, respectively. The forward
scan anodic peak current densities were 588’ and 59.90mA/cn? for Ru/Gas-
Air-160 and Pt-Ru/qs-H»-160 electrocatalysts, respectively. It should beed that the
peak current densities for fresh synthesized PERasyn without post-treatment was the
lowest of all the electrocatalysts during the fomvacan (43.74 mA/cth and reverse
scan (33.20 mA/ch), respectively. The electrooxidation peak in téeerse scan is due to
further oxidation of carbonaceous intermediateciggeformed on the electrode surface
and near the vicinity of the electrode during tbeMard scan. As already mentioned, the
synthesized Pt-Ru/g-H>-RT shows the highest anodic peak current dengity8a35

mA/cn? and possesses the highest electrocatalytic actiwitong all the electrocatalysts.
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The physical characterizations also showed exdejpeoperties for Pt-Ru/fg-H>-RT
electrocatalyst. The difference in the peak potdmiand corresponding current densities
is attributed to the surface composition particke sparticle size, defects, and degree of

alloying.

5.1.2.2.2 Chronoamperometry (CA) analysis

The stability or rate of surface poisoning of alecatalysts was evaluated by the
chronoamperometry measurement tests at two ditfeedhpotentials i.e. 0.45 V and 0.80
V in a solution of 0.5 M HCI@and 2 M ethanol (Fig 5.20a and Fig 5.20b). Theelow
reference potential value of 0.45 V was selectdd¢chvcorresponds to the working anode
potential in DEFC operationdoca-Ayats et al., 2015The higher reference potential
value of 0.8 V was chosen since the average ar@éatrooxidation potential for all the
studied electrocatalysts in CV analysis (Fig 5M/8% found very close to 0.8 V. It is seen
from Fig (5.20a) to Fig (5.20b) that the currents fdnagiol electrooxidation on the
supported Pt-Ru electrocatalysts dropped sharpiiieatnitial stage, followed by a slow
decrease in the current density and then steaty-starent was obtained after ~400 s.
The sharp decrease in current value is due tosiiffueffects or charging current and the
gradual decrease to the poisoning of electrocdtatiige to the formation of intermediates
during ethanol electrooxidation. It is observedttht a lower potential of 0.45 V (Fig
5.20a), the -current density for ethanol electroati@h on Pt-Ru/Gs-H-RT
electrocatalyst is significantly higher than th&iab the other electrocatalysts. Similarly,
at the higher potential of 0.8 V (Fig 5.20b), tHec&rooxidation current density on Pt-
Ru/Cag-H2-RT synthesized electrocatalyst is always higher comparison to the
synthesized Pt-Ru/{g-syn, Pt-Ru/Gg-Air-160, Pt-Ru/Gg-H2-160, and commercial Pt-

Ru/C electrocatalysts. The residual current denfity ethanol electrooxidation at a
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potential of 0.45 V for the synthesized Pt-Ra/@yn, Pt-Ru/Gs-H2-RT, Pt-Ru/Gg-Air-

160, Ru/Gg-H»-160 and commercial Pt-Ru/C electrocatalysts wed8 énA/cnf, 32.50

mA/cn?, 9.5 mA/cnf, 21.47 mA/cr and 22.91 mA/ci) respectively.
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Figure 5.20aCA tests of ethanol oxidation in 0.5 M perchlorada(HCIO,) containing 2
M ethanol solution on synthesized Pt-Ry&yn, Pt-Ru/Gg-H2>-RT, Pt-Ru/Gg-Air-160,
Ru/Cag-H2-160, and commercial Pt-Ru/C electrocatalysts 46 . vs. Ag/AgCI at room

temperature of 46C.
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Figure 5.20bCA tests of ethanol oxidation in 0.5 M perchlora@da(HCIO,) containing 2
M ethanol solution on synthesized Pt-Ry&Gyn, Pt-Ru/Gg-H,-RT, Pt-Ru/Gg-Air-160,

Ru/Cag-H2-160, and commercial Pt-Ru/C electrocatalysts &t\0Ovs. Ag/AgCl at room
temperature of 46C.

Furthermore, at the higher potential of 0.8V, sidual current density of 9.74 mA/&m
44 mA/cnf, 12.1 mA/cm, 25.70 mA/cri and 31 mA/crh were obtained for ethanol
electrooxidation using the synthesized Pt-Rg/€yn, Pt-Ru/Gg-H2-RT, Pt-Ru/Gg-Air-
160, Ru/Gg-H»-160, and commercial Pt-Ru/C electrocatalysts, eetbygely. The
synthesized Pt-Ru/(g-H,-RT shows the superior performance in terms oferurdensity
for the tested period at both electrode potentwdl®9.45 V and 0.8 V. This can be
attributed to the synergic effect of alloyed Ru amdernal microstructure. The
chronoamperometry studies also substantiate thitses CV (Fig 5.19) obtained using

synthesized and commercial electrocatalysts.
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5.1.2.3 DEFC study

5.1.2.3.1 Effect of electrocatalyst type

Fig (5.21) shows the polarization and power dendlitgracteristics of DEFC single cell
using synthesized Pt-Rudg>syn, Pt-Ru/Gs-H2-RT, Pt-Ru/Gg-Air-160, Ru/Gg-H»-
160, and commercial Pt-Ru/C electrocatalysts asfftele of 1 mg/ciloading in each

electrode. The commercial Pti€recof 1 mg/cni was used as a cathode electrocatalyst.
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0.9 4 —&— Pt-Ru/CAB-Air-160
—¢— Pt-Ru/CAB-H2-160 - 12
0.8 A —e— commercial Pt-Ruw/C

......... Pt-Ru/CAB-syn
& PtRWCAB-H2-RT
0.7 .-l PERWCAB-Air-160 10
*
@

-+ Pt-Ru/CAB-H2-160

1 . ahedeg —
‘\\‘_:_\ ------- commercial Pt-RWC 4.4 A "“A.l g
o 0.6 T\ A . =
& \ R A | o B
S 05 2
G 6 A
O 04 A 3]
=
o
~
0.3 A . L 4
0.2 A
- 2
0.1 o ‘t
]
0 . T T T T T T T T 0
0 5 10 15 20 25 30 35 40 45

Current Density (mA/cm?)

Figure 5.21 Polarization and power density curves for differesynthesized
electrocatalysts as anode with 1 mgicelectrocatalyst loading and the cathode
(commercial Pt/Gsped with 1 mg/cni electrocatalyst loading at a cell temperature®f 4
°C. Anode: 2 M GHsOH, 1.2 mi/min. Cathode: humidified oxygen, 60 mHhimSolid
electrolyte: Nafioff 117 membranes.
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The electrolyte used was a commercial N&tidd7 membrane. The DEFC temperature
was kept similar to that of CV experiments perfodme 40 °C. The maximum power
density, the current density at maximum power dgnand OCV of single cell output for

various anode electrocatalysts are presented ile Tald2).

Table 5.12Summary of performance of synthesized Pt-Rp/€y/n, Pt-Ru/Gg-H,-RT,
Pt-Ru/Gs-Air-160, Pt-Ru/Gg-H»-160 and commercial Pt-Ru/C electrocatalysts iglsin
fuel cell tests for 2 M ethanol at a cell temperatof 40 °C.

Anode Open circuit | Maximum power Current density at
electrocatalysts Voltage Density maximum power
V) (mW/cm?) density (mA/cnt)
Pt-Ru/G-syn 0.658 4.97 20.8
Pt-Ru/Gs-H>-RT 0.718 9.15 32.0
Pt-Ru/Gg-Air-160 0.68 5.79 23.52
Pt- Ru/G-H2-160 0.712 6.84 25.60
commercial Pt-Ru/C 0.720 7.86 28.80

It is seen from Fig (5.21) that the synthesizedRBAS s-H>-RT electrocatalyst resulting

in an open circuit voltage (OCV) of 0.718 V, whichnear about the same that of the
commercial Pt-Ru/C (0.720 V) electrocatalyst. Whsrthe OCV for the synthesized Pt-
Ru/Cag-Air-160 and Pt-Ru/qs-H»-160 electrocatalysts were 0.68 V and 0.712 V, dhos
are lower than the commercial Pt-Ru/C electrocatalyhe maximum power density of
9.15 mW/cm at a current density of 32 mA/énand cell voltage of 0.286 V were
obtained for synthesized Pt-Ruf=H,-RT electrocatalyst, which is higher than that Ibf a
the other electrocatalysts. The best cell perfonaart synthesized Pt-Ruig>H,-RT can

be ascribed to the mild condition of the post-treait so that the phase separation and

agglomeration of metal nanoparticles are weak (¢teal., 2010 and Rizo et al., 2017).
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Whereas, the Pt-RuAg-Air-160 electrocatalyst produced the lowest OC\WO@8 V and

a power density of 5.79 mW/émat a current density of 23.52 mA/€ifTable 5.12). The
single cell performance using as-synthesized PERus$yn electrocatalyst as an anode
was the lowest of all post-treated and commerciakctecatalysts due to lower
crystallinity and alloying degree of Ru. The reason such poor performance of Pt-
Ru/Cag-syn has already been discussed in the XRD sedti@mould be noted that CV
and CA tests also showed the highest activity far synthesized Pt-Ruig-H,-RT

electrocatalyst as observed in the single cellystud

Due to the highest electrocatalytic activity of #hesized electrocatalyst Pt-Ruf=H,-
RT, it was used as anode electrocatalyst for optittan of operating parameters like

ethanol concentration and cell temperature whietpaesented in the sections below.

5.1.2.3.2 Effect of ethanol concentration

Fig (5.22) shows the DEFC performance curves fiberdint ethanol concentrations using
the synthesized Pt-Ruig-H>-RT as anode and Piispec as cathode electrocatalyst at a
temperature of 40 °C. The cathode oxidant used wasidified oxygen. The
electrocatalyst loading at anode and cathode warg/tnf. It is seen from Fig (5.22)
that with the rise in ethanol concentration frord Bl to 2 M, the polarization and power
density curves shifted upward, while the conceiutnaincreased further to 3 M, the

curves shifted downwards.

Fig (5.22) shows that the OCV of 0.718 V and theximam power density of 9.15
mW/cnf at a current density of 32 mA/émvere obtained for ethanol concentration of 2
M. Whereas, the ethanol concentrations of 1 M ard Broduced a maximum power

density of 6.77 mWi/cfat a current density of 24 mA/énand a maximum power
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density of 7.81 mW/cfat a current density of 27.2 mA/énrespectively. The OCV
values of 0.715 V and 0.684 V were obtained for Jandl 3 M of ethanol respectively.
The ethanol concentration of 0.5 M produced an QG£¥.72 V and a very low power

density of 5.70 mW/cfat a current density of 20.8 mA/&m
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Figure 5.22Single cell performance characteristics for andéetecatalyst Pt-Ru/£g-
H,-RT using varying ethanol concentration as anodd t a cell temperature of 40 °C.
Cathode feed: pure humidified oxygensaddqe = 1 bar (absolute); Dotted line-power
density curves; Solid line- polarization curves.

Initially, with an increase in fuel ethanol conastibn, the current density increases as

the reaction kinetics improves at a higher fuel cemration. At the higher ethanol
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concentratiorof 3 M the cell performance decreases. This magugeto the rise in fuel at
very high concentrations and, at the same time,stigply of HO molecules at the

electrocatalyst site decreases due to the coverfabe electrocatalyst active sites.

5.1.2.3.3 Effect of cell temperature

Fig (5.23)illustrates the effect of cell performance at vasdemperatures ranging from
40 °C to 80 °C for the synthesized best anode releatalyst Pt—Ru/£g-H>-RT. The
positive effect of temperature can be observeernms of high current density and power
density. The maximum power density of 9.15 mW/ana cell voltage of 0.286 V and a
current density of 32 mA/chwere achieved at the cell temperature of 40 °@ DEFC
power density reached at 16.23 mW/ana cell voltage of 0.317 V and a current density
of 51.2 mA/cni when cell temperature was increased to 80 °C.€Twes an almost 77.4
% increase in power density for the rise of cethperature of 40 °C. The effect of
temperatures on a single DEFC’s open circuit veltaand cell performance is
summarized in Table (5.13). The enhanced perforsmancompanied by an increment in
cell operating temperatures can be attributed éodbmbined effect of a reduction of
activation overpotential and ohmic polarization. eTlelectrocatalytic activity of
synthesized Pt-Ru/g-H>-RT for ethanol electrooxidation increases with itherease in
cell temperature, thereby increasing current dgriSiong et al., 2005, Alzate et al., 2011
and Pramanik et al., 2008rurthermore, high cell temperature enhances théompro
conductivity of the Nafiofi membrane and Nafirionomer in the electrocatalyst layers,
therefore ohmic polarization gets reduced (Alzdtalg 2011). As already mentioned, a
similar trend for effect of cell temperature iscatdbserved commercial Pt-Ru/C as anode
electrocatalyst. The detailed single cell studprssented in Appendix D (Fig D.1, Page

no. 281).
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Figure 5.23 Performance curves of the synthesized Pt—Ru#-RT electrocatalyst
with 1 mg/cnf electrocatalyst loading in anode side and the ceroia Pt/Gispec
electrocatalyst as a cathode with 1 md/cmlectrocatalyst loading at various
temperatures. Anode: 2 M ethanol, 1.2 ml/min flater Cathode: humidified oxygen, 60
ml/min. Solid electrolyte: Nafich117 membranes.

Table 5.13Summary of performance of synthesized Pt-Rpf8,-RT electrocatalysts in
single fuel cell tests for 2 M ethanol at differeperating cell temperature.

Electrocatalyst Temperature| Open Maximum | Current density at
(°C) circuit power maximum power

Voltage density density

(V) (mW/cm?) (mA/cm?)

Pt-Ru/Gs-H>-RT 40 0.718 9.15 32.0

50 0.723 10.60 35.2

60 0.728 12.10 38.4

70 0.732 13.84 44.8

80 0.737 16.23 51.2
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5.2 Performance evaluation of Pt-based bi-metalliand tri-metallic electrocatalysts
supported on -MWCNT: Part Il

The bi-metallic and tri-metallic electrocatalyste aynthesized by the method described
in chapter 3 (Experimental, Page no. 86-87) wewmgatterized and their tested in half

cell, and single DEFC. The results are reporteddisclissed below.

5.2.1 Physical characterization of MWCNT support méerial

5.2.1.1X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) patterns of pristine multi-walled carbon nanwgs (p-
MWCNT) and functionalized multi-walled carbon namoe¢s (F-MWCNT) support

materials are presented in Fig (5.24).
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Figure 5.24XRD patterns of (a) p-MWCNT and (b) -MWCNT supparaterial.
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The diffraction peaks at 25.86°, 43.4°, 53.1° a®&d77° observed in the diffraction
patterns of MWCNTSs are ascribed to the ordered d@xal graphite structures (002),
(100), (004) and (110), respectivelyi et al., 2003. The peak intensity of -MWCNT

was sharper and intense due to the functionalizatiois seen from Fig (5.24) that the
crystallinity of -MWCNT improved due to the remdvaf amorphous phase/impurities
from p-MWCNT. However, the characteristics of daiftion peaks of hexagonal graphite

carbon remained in the same position (Fig 5.24).

5.2.1.2Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR was performed to observe the surface grafer the functionalization of the
p-MWCNT support material as illustrated in Fig ®.2More pronounced relative peak
intensity at 3433 cihin -MWCNT than that of p-MWCNT suggests that mo@H
groups are attached to the MWCNTSs after acid treatmThe observed peaks at 2923
cm® and 2851 cm in both samples are assigned to the C-H stretchibmation of
asymmetric/symmetric methylene located at the defettes of p-MWCNT side walls
surface(Montanheiro et al., 2015However, the relative intensity of these peakstlie
f-MWCNT sample significantly decreased, which swgigehat alkyl chains were cleaved
from the p-MWCNT surface. The peak that appeark5d@0 cni is ascribed to the C=C
stretching vibrations of MWCNT backbones/side watlsnfirming the integrity of the
hexagonal structure of p-MWCNTi(et al., 2011 and’heodoreet al., 2011 The same
peak is also observed for -MWCNT with a higheremdity (Fig 5.25). For -MWCNT
(Fig 5.25), the characteristic absorption peaks720 cni and 1638 cr are indexed as
C=0 stretching vibrations of the carboxylic groug€£OOH) and of ketone/quinone,

respectively Chen et al., 2006, Xu et al., 2010 and Stobinski.e010.
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Figure 5.25FTIR spectra of (a) p-MWCNT and (b) f-MWCNT supporéaterial.

The absorption peak at 1638 ¢rfor p-MWCNT is also observed with weak strength,
which may result from the oxidation of some p-MWCHN8&fects oxygen presence in the
air (Chen et al., 2006After functionalization, the relative increasepeak intensity and
partial separation of bands in the 1250-950" amave region points are observed (Fig
5.25), which is due to an increase in amounts ofdigd surface oxides combination of
phenols, hydroquinones, and aromatic carboxylidsacirhe characteristic absorption
peaks at 1171 cthand 1039 cm are indexed as C-O stretching vibrations of the
carboxylic groups (—COOH) and phenols/hydroquinpnesspectively. While, the
absorption peak at 1383 &nis associated with O—H bending in carboxylic g®@p
COOH) (i et al., 2011 and Her et al., 201%& is clear from Fig (5.25) and Table (5.14)

that sufficient oxygenated groups have been gesetiat the surface of p-MWCNT after
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functionalization in a mixture of HNZH,SQO, solution. Meanwhile, ultrasonic treatment
in nitric acid also helps to purify p-MWCNT from rieign objects embedded on their
surface and the individual MWCNTSs from the entaddbeindle form. Furthermore, it can

cause opening the port of MWCNTs and shorteningheir lengths, resulting in an

Results and Discussion

increase of defects and surface area for bettpedion of precursor metal ions.

Table 5.14Comparison and shifting of bands data of p-MWCNd@ &MWCNT support

using FTIR analysis.

Stretching or bending functional groups Wavenumber
(cm™)
p-MWCNT f-MWCNT
C-O stretching in phenols/hydroquinones 1039 1039
C-O0 stretching in carboxylic groups 1171 1171
(-COOH)
O-H bending deformation in carboxylic ac 1383 a38
C=C stretching vibrations of MWCNT 1570 1570
backbones
C=0 stretching vibrations ketone/quinone 1638 1638
C=0 stretching in carboxylic groups 1720
(-COOH)
C-H stretching asymmetric 2851 2851
C-H stretching symmetric 2923 2923
O-H moieties and/or O-H in carboxyl 3433 3433
groups and sorbed water
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5.2.2Physicochemicalkharacterization of electrocatalysts

5.2.2.1 X-ray diffraction (XRD) analysis

The synthesized Pt-Ru supported on the functioe@lidWCNT (f-MWCNT) resulting

in smaller crystallite size and higher degree ofdlaying. The XRD results of Pt-Ru
(2:1)/p-MWCNT and Pt-Ru (1:1)/f-MWCNT are reportedAppendix E (Fig E.1, Table
E.1, Page no. 282). In view of this, all the electtalysts discussed in this section were

synthesized using the functionalized MWCNT (f-MWCNsLipport.

The crystalline features of synthesized Pt-Ru (EMIWCNT, Pt-Re (1:1)/f-MWCNT,
Pt-Ru-Re (1:1:1)/f-MWCNT, Pt-Ru-Re (1:1:0.5)/f-MWQONand Pt-Ru-Re (1:1:0.25)/f-
MWCNT electrocatalysts were analyzed by XRD measerds as shown in Fig (5.26a-
e). The well-defined intense diffraction peak at ab®bit86° can be ascribed to the (002)
plane of the hexagonal graphitic structure of MWCN&rbon support in all
electrocatalysts. Besides, the diffraction peakaraund 2 of 40°, 46°, 68°, and 82° are
assigned to (111), (200), (220) and (311) crystallplanes of the face-centered cubic
(fcc) of Pt alloys, respectively. The diffractioeak of MWCNTs (100) is merged with
the Pt (200) peak. Comparing with XRD peaks of pRtgJCPDS card 04-0802), it is
seen that the diffraction peaks of all the bi-metahnd tri-metallic electrocatalysts
slightly shifted to higher @values at the plane (111), (200), (220) and (IElJ 5.26a-
e). However, the shifting of the peak for Pt-RelJA:MWCNT electrocatalyst is slightly
higher than the pure Pt and lower than the resthef electrocatalysts. For a better
understanding of the diffraction characteristicsl ahifting of peaks at planes Pt (111)
and Pt (220), the XRD diffraction characteristicsvén been enlarged and presented in

Appendix F(Fig F.1 and Fig F.2, Page no. 283, 284). Theishifvf peak position @
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values for all planes Pt (111), Pt (200), Pt (22a)d Pt (311) of the synthesized

electrocatalysts are summarized in Appendix F @&bl, Page no. 284).

Pt(111)

C (002) Pt (200)

(d) \/"/\\
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Figure 5.26 XRD patterns of (a) Pt-Ru (1:1)/f-MWCNT, (b) Pt-Re1)/f-MWCNT, (c)
Pt-Ru-Re (1:1:1)/f-MWCNT, (d) Pt-Ru-Re (1:1:0.5MWCNT and (e) Pt-Ru-Re
(1:1:0.25)/f-MWCNT electrocatalysts.
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This suggests that the atoms of Ru and Re werepgacated into the fcc structure of Pt to
form a metal alloy. For Pt-Re (1:1)/f-MWCNT eleatatalyst, no peaks corresponding to
Re were found due to possible overlap with Pt pe&l@wvever, the introduction of
rhenium does not affect much the Pt crystal stmecéind it may be due to some extent of
alloy formation. Further, it could be better interfed on the basis of their different
atomic sizes to Pt metalp(r= 0.139 nm, g, = 0.134 nm andgrt = 0.137 nm). The
diffraction peaks related to the presence of eitpere Ru, Re metal or their
oxides/hydroxides species are not detected, suggekat Ru or Re may be incorporated
into the fcc structure of Pt lattice to form Pt-Ralloys, or partially exists as
oxides/hydroxides in amorphous form but not disedrby XRD measuremen{€hen et
al., 2010, Zhao et al., 2010 and Yang et al., 208@rthermore, the broadened diffraction
peaks of the metals in XRD spectra indicate that &hectrocatalysts have small
particle/grain sizegZhao et al., 2010 The diffraction peaks for Pt-Ru-Re (1:1:0.5)/f-
MWCNT (Fig 5.26d) electrocatalyst are a little bieathan the other XRD spectighe
average crystallite size calculated using EquafBod) at the peak position of Pt (220) is
2.70 nm, 3.05 nm, 2.30 nm, 2.11 nm, and 2.83 nmPteRu (1:1)/f-MWCNT, Pt-Re
(12:2)/f--MWCNT, Pt-Ru-Re (1:1:1)/f-MWCNT, Pt-Ru-Rd.:(:0.5)/f-MWCNT, and Pt-
Ru-Re (1:1:0.25)/f-MWCNT electrocatalysts, respegi. The lowest crystallite size of
2.11 nm was found for the Pt-Ru-Re (1:1:0.5)/f-MWILCNFig 5.26d). The lattice
parameters related to Pt (220) are calculated Ustuation (3.5) and Equation (3.6) and
presented in Table (5.15The lattice parameters obtained for Pt-Ru (L:1)Y#EINT
(0.3881 nm andPt-Re (1:1)/f-MWCNT (0.3913) are smaller than p&éte(0.3924 nm)
metal (Xu et al., 2010). The lattice parameters of triiale Pt-Ru-Re (1:1:1)/f-

MWCNT, Pt-Ru-Re (1:1:0.5)/f-MWCNT, and Pt-Ru-Re KD.25)/f-MWCNT
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electrocatalysts are 0.38892 nm, 0.38862 nm ar@8@3nm, respectively. This clearly

Results and Discussion

shows the incorporation of Re atom$PteRu (1:1)/f-MWCNT electrocatalyst.

Table 5.15The Pt (220) peak, lattice parameters, and crggfa@phic properties of the

electrocatalysts from XRD analysis.

Electrocatalyst Pt (220) | d-spacing Lattice Average
Peak (nm) parameter, | crystallite
position, a (nm) size,d,
26 (°) (nm)
Pt-Ru (1:1)/f-MWCNT 68.30 0.1372 0.3881 2.70
Pt-Re (1:1)/f-MWCNT 67.63 0.1384 0.3913 3.05
Pt-Ru-Re (1:1:1)/f-MWCNT 68.14 0.1375 0.38892 2.40
Pt-Ru-Re (1:1:0.5)/f-MWCNT 68.20 0.1374 0.38862 112.
Pt-Ru-Re (1:1:0.25)/f-MWCNT| 68.24 0.13733 0.38842 2.87
Ptmetal(Xu et al., 2010) 0.3924
Ru metalXu et al., 2010) 0.2706

5.2.2.2 Transmission electron microscopy (TEM) angsis

The morphology of the synthesized electrocatalystas analyzed using TEM
micrographs and the results are illustrated in(big7a) to Fig (5.27e)lhe micrographs
reveal that almost spherical shape metal nanofest{®lPs) are well deposited onto the
external surface of -MWCNTSs support. The TEM mgnaphs neither depict remarkable
differences in shape nor particle size for the whakries. There is almost no
agglomeration of metal nanoparticles in the electtaysts, and the metal nanoparticles
were found to be homogeneously distributed on tlad of -MWCNT. The average

particle size and the distribution histograms waraluated statistically by measuring the
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sizes of 150 randomly selected NPs on the surfat®®VCNT from TEM micrographs

and presented in Fig (5.27a) to Fig (5.27e).
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Figure 5.27aTEM micrograph and the corresponding particle siisgribution histogram
of Pt-Ru (1:1)/f-MWCNT electrocatalyst.
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Figure 5.27bTEM micrograph and the corresponding particle sis&ibution histogram
of Pt-Re (1:1)/f-MWCNT electrocatalyst.
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Figure 5.27cTEM micrograph and the corresponding particle siséribution histogram
of Pt-Ru-Re (1:1:1)/f-MWCNT electrocatalyst.
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Figure 5.27dTEM micrograph and the corresponding particle siz&ibution histogram
of Pt-Ru-Re (1:1:0.5)/f-MWCNT electrocatalyst.
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Figure 5.27eTEM micrograph and the corresponding particle siséribution histogram
of Pt-Ru-Re (1:1:0.25/f-MWCNT) electrocatalyst.

The average patrticle size and size distributionshef electrocatalysts are presented in
Table (5.16). The average particle sizes of theéh®gized electrocatalysts were 2.79 *
0.58 nm, 3.53 £ 0.80 nm, 2.88 + 0.64 nm, 2.68 £ and 3.19 = 0.54 nm for Pt-Ru
(1:1)/f-MWCNT, Pt-Re (1:1)/f-MWCNT, Pt-Ru-Re (1:)/fEMWCNT, Pt-Ru-Re
(1:1:0.5)/-MWCNT and Pt-Ru-Re (1:1:0.25)/f-MWCNTrespectively. The average
particle size for Pt-Re (1:1)/f-MWCNT electrocatstlys larger than the others, which
might be due to some agglomeration of the Pt-Reomanticles on the surface of f-
MWCNTSs. The variations in average particle sizeshef electrocatalysts nanoparticles
are quite similar in both TEM and XRD, confirmingayl particle dispersion on the f-
MWCNT surface without the formation of large aggaess (Table 5.16). Similar to the
XRD results, the lowest average particle size 682t 0.55 nm was also obtained in
TEM analysis for Pt-Ru-Re (1:1:0.5)/f-MWCNT. Thusjs expected that the Pt-Ru-Re
(2:1:0.5)/f-MWCNT could perform better in half celind single DEFC for the

electrooxidation of ethanol.
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Table 5.16The average particle size of electrocatalysts ewatufrom TEM analysis and
comparison with XRD results.

Electrocatalysts Average patrticle size| Average crystallite size
(dp) by TEM (nm) (de) by XRD (nm)

Pt-Ru (1:1)/f-MWCNT 2.79 +0.58 2.70

Pt-Re (1:1)/f-MWCNT 3.53+0.80 3.05

Pt-Ru-Re (1:1:1)/f-MWCNT 2.88 +0.64 2.40

Pt-Ru-Re(1:1:0.5)/f-MWCNT 2.68 +0.55 2.11

Pt-Ru-Re(1:1:0.25)/f-MWCNT 3.19+0.54 2.87

The electronic diffraction patterns of electrocgstd reveal the polycrystalline phase of
nanoparticles, which is also confirmed by annulattggns in selected area electron
diffraction (SAED) patterns presented in AppendiXF8y (G.1a) to Fig (G.1e), Page no.

285-287).

5.2.2.3 FESEM-EDX analysis

The surface morphology of the synthesized bi-metahd tri-metallic electrocatalysts

were analyzed using field-emission scanning electnicroscopy (FESEM) and results
are depicted in Fig (5.28a) to Fig (5.28e). The rogcaphs show spherical shape
electrocatalysts nanoparticles with varying paetigizes of 1-6.5 nm. It is clearly

observed that metal nanoparticles are well dispeesed anchored onto the external
surface of -MWCNT. Furthermore, agglomeration li:@st negligible, probably due to

the availability of the large number of nucleatsites on the surface of -MWCNT. The
porous structure of the -MWCNT support is alsoseehich is useful for fuel or oxidant

transport from the bulk phase to active electrdgsts sites for electrochemical reactions.

In order to determine the carbon, oxygen, platinmmhenium, and rhenium elemental
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distribution, FESEM, and corresponding color magpawere performed, as illustrated in

Fig (5.28a) to Fig (5.28e).

m | 1.66 pm

Figure 5.28aFESEM image and corresponding color mapping of P(:R1)/f-MWCNT
electrocatalyst.

Figure 5.28bFESEM image and corresponding color mapping of ®{R1)/f-MWCNT
electrocatalyst.
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Figure 5.28c FESEM image and corresponding color mapping of irRRe (1:1:1)/f-
MWCNT electrocatalyst.

Figure 5.28d FESEM image and corresponding color mapping of iRRR (1:1:0.5)/f-
MWCNT electrocatalyst.
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Figure 5.28eFESEM image and corresponding color mapping of i*RR (1:1:0.25)/f-
MWCNT electrocatalyst.

It is observed from the color mapping of the sysibed electrocatalysts that each
element with a different color is uniformly distuted in the entire image (Fig 5.28a to
Fig 5.28e). The alloy formations of Pt, Ru, andR&r were also clearly seen by FESEM
elemental mapping. It is also observed that théRBt,and/or Re element exist almost in
the same area, which confirms the formation ofyallanostructure of the electrocatalyst.
It should be noted that the EDX result provideshsami-quantitative information with a
reasonable agreement between EDX results composama nominal ones for all the
electrocatalysts. Very minute discrepancies in actnetal loading of electrocatalysts
with the nominal weight were noted, which could dssociated with the metal losses

during the separation and purification process (@al 7).

Indian Institute of Technology (BHU), Varanasi 221005 188



Chapter 5 Results and Discussion

Table 5.17 Atomic composition of the synthesized bi-metallimda tri-metallic
electrocatalysts evaluated from FESEM-EDX results.

Electrocatalysts Nominal atomic ratio | Atomic ratio obtained
based on the precursor by EDX

Pt-Ru (1:1)/f-MWCNT 1.0:1.0 1.46:1.0

Pt-Re (1:1)/f-MWCNT 1.0:1.0 1.21:1.0

Pt-Ru-Re (1:1:1)/f-MWCNT 1.0:1.0:1.0 1.33:1:1.08

Pt-Ru-Re (1:1:0.5)/f-MWCNT 1.0:1.0:0.5 1.42:1:0.543

Pt-Ru-Re (1:1:0.25)/f-MWCNT 1.0:1.0:0.25 1.49:1.20

5.2.3 Electrochemical characterization of anode at&rocatalysts

5.2.3.1 Hydrogen adsorption/desorption study

The electrochemical performance of developed ades using all synthesized
electrocatalysts were evaluated by cyclic voltammnéCV) analysis in 0.5 M HCIQ
agueous solution without ethanol. As it is showrFig (5.29),the voltammograms of
electrocatalysts displayed prominent peaks relaidgtle hydrogen adsorption/desorption
process in the potential range of -0.4 V to 0.1nd &t surface oxidation/reduction region
larger than 0.2 V. The oxide reduction and formatad the electrocatalysts appear at
lower potential due to the incorporation of addedefgn atoms Ru and Re on the
electrocatalyst surfag@hemsirimongkon et al., 2019)he hydrogen desorption peak of
Pt-Ru-Re (1:1:0.5)/f-MWCNT was the highest and Bt-@&:1)/f-MWCNT was fair.
Additionally, the current intensities in the hydemgadsorption/desorption region were
found to increase with the addition of foreign asoimthe Pt matrix. The charge densities
of the Pt surface matrix could be changed by theorpporation of foreign metal

atoms/species and chemical compositions.
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Figure 5.29 Cyclic voltammetry curves ofPt-Ru (1:1)/f-MWCNT, Pt-Re (1:1)/-

MWCNT, Pt-Ru-Re (1:1:1)/f-MWCNT, Pt-Ru-Re (1:1:0BMWCNT and Pt-Ru-Re

(1:1:0.25)/f-MWCNT electrocatalysts in 0.5 M HCGJ@t room temperature of 30 °C with
a scan rate of 50 mV/s.

The electrochemically active surface area (ECSA)ais important parameter for
electrocatalysts. The ECSA values of the electrel@etrocatalysts were estimated by
integration of the area under the CV curves cooerdmg to the hydrogen desorption
region after double layer region correction andedasn Equation (5.5) and information
obtained from Fig (5.29Byhan et al., 2013, Shen et al., 2015 and Themsirgkon et
al., 2019.

S

ECSA =
(vx 021x 077xMp,)

(5.5)
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Here, S is the hydrogen desorption area (mA Vonn the CVs curvey is the scanning

rate 0.05 V/s M, is the Pt mass loading (mg &ron the electrode surface, 0.21 (mC

cm?) represents the required charge to oxidize a nageolof hydrogen desorption on
bright Pt and 0.77 is the hydrogen monolayer cayei@eyhan et al., 2013According
to the results displayed imable (5.18) obviously, the Pt-Ru-Re (1:1:0.5)/f-MWCNT
possesses the largest ECSA of 150.7fgmwhich is superior to tri-metallic Pt-Ru-Re
(1:1:1)f-MWCNT (127.66 rf/g), Pt-Ru-Re (1:1:0.25)/f-MWCNT (73.60%g) and bi-
metallic Pt-Ru (1:1)/f-MWCNT (85.31 ffy) and Pt-Re/f-MWCNT (54.55 fiy)
electrocatalysts. The largest ECSA value of Pt-RU‘R1:0.5)/f-MWCNT electrocatalyst
could be attributed to the smaller particle sizd batter distribution of nanoparticles on
the -MWCNT surface. It also predicts the best\afstiof Pt-Ru-Re (1:1:0.5)/f-MWCNT
electrocatalyst in the half cell and single cetl éhanol electrooxidation giving excellent
DEFC performance.

Table 5.18Results of hydrogen desorption charge and its releloemical active surface
area (ECSA) of electrode electrocatalysts from @nalysis.

Electrocatalysts Qy° Mpy ECSA
(mC/cm?) (mg/cn) (m?/ge)
Pt-Ru (1:1)/f-MWCNT 90.88 0.6588 85.31
Pt-Re (1:1)/f-MWCNT 45.13 0.5116 54.55
Pt-Ru-Re (1:1:1)/f-MWCNT 83.48 0.4044 127.66
Pt-Ru-Re (1:1:0.5)/f-MWCNT 122.19 0.5012 150.77
Pt-Ru-Re (1:1:0.25)/f-MWCNT 67.74 0.5692 73.60

%Calculated based 0@, :§, whereQ, (mC/cnf) represents the charges corresponding
v

to desorption of hydrogen on the Pt surfae,is the hydrogen desorption area (mA

V/cm?) in the CVs curvey is the scanning rate 0.05 V/s.
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5.2.3.2 Cyclic voltammetry (CV) measurements of ete&rodes with ethanol

The cyclic voltammograms (CVs) of the synthesizddcteocatalysts for ethanol
electrooxidation were recorded \hM ethanol mixed with 0.5 M HCIlOsolution using
the same synthesized electrocatalysts which wexd umsprevious sectioh.2.3.1(Page

no. 189)and presented in Fig (5.30)he loading of electrocatalysts wetemg/cnt for

each electrode.

100
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90 1 ———PtRe (1:1)/EEMWCNT

- — = Pt-Ru-Re (1:1:1)/&-MWCNT
— - =Pt-Ru-Re (1:1:0.5)/f-MWCNT
20 | — - PtRu-Re (1:1:0.25)/£MWCNT

80 A

60 -

50 A

40 -

Current Density (mA/cm?)

30 A1

-10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Voltage (V)

Figure 5.30CVs characteristics for ethanol electrooxidation BtiRu (1:1)/f-MWCNT,
Pt-Re (1:1)/f-MWCNT, Pt-Ru-Re (1:1:1) //-MWCNT, Ru-Re (1:1:0.5)/f--MWCNT and
Pt-Ru-Re (1:1:0.25)/f-MWCNT electrocatalysts2 M ethanol + 0.5 M HCIQsolution
at room temperature of 3Q with a scan rate of 5 mV/s.
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The CVs of the electrocatalysts showed well-defietttrooxidation peaks for ethanol
fuel in the forward and backward scans. The prontireéectrooxidation peak during the
forward scan is attributed to the electrooxidatudrireshly chemisorbed species and the
peaks at backward scan were related to the additielectrooxidation of adsorbed

carbonaceous species formed during the forward tecearbon dioxide.

The noticeable CV peaks obtained for ethanol furethe electrocatalysts Pt-Ru (1:1)/f-
MWCNT, Pt-Re (1:1)/f-MWCNT, Pt-Ru-Re (1:1:1)/f-MWCN Pt-Ru-Re (1:1:0.5)/f-
MWCNT, and Pt-Ru-Re (1:1:0.25)/f-MWCNT are tabuthte Table (5.19) including
onset potential, forward scanning oxidation peakepial (E), forward scanning
oxidation current density | backward scanning oxidation peak potentia}) (Bnd
backward scanning oxidation current densigy @f electrocatalysts.

Table 5.19Summary of electrocatalytic performance of eledtalysts towards ethanol
electrooxidation.

Electrocatalysts Onset Es ¢ Ep Iy
potential | (V) | (mAlcm? | (V) | (mA/cm?)
V)
Pt-Ru (1:1)/f-MWCNT 0.30 0.794 48.76 0.610 35.66
Pt-Re (1:1)/f-MWCNT 0.28 0.798 23.60 0.598 16.23

Pt-Ru-Re (1:1:1)/f-MWCNT 0.15 0.808 65.46 0.513 41.79

Pt-Ru-Re (111.0.5)/FAMWCNT | 0.10 | 0.781| 83.34 | 0559 6553

Pt-Ru-Re (1:1:0.25)/f-MWCNT,  0.25 0.785 57.94 0.570 38.96

The ethanol electrooxidation on Pt-Re/f-MWCNT arieRR/f--MWCNT started at around

0.30 mV, while the onset potentials for tri-metalélectrocatalysts Pt-Ru-Re (1:1:1)/f-
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MWCNT, Pt-Ru-Re (1:1:0.5)/f-MWCNT and Pt-Ru-Re (D25)/f-MWCNT were
determined to be 0.15 V, 0.10 V, and 0.25 V, respely. Moreover, the introduction of
rhenium (Re) into Pt-Ru/f-MWCNT significantly redes the onset potential by 0.2 V
(Table 5.19 in tri-metallic electrocatalyst Pt-Ru-Re (1:1)t8VIWCNT and increases
the current density. The current densitigsf@r the tri-metallic electrocatalysts Pt-Ru-Re
(1:1:0.5)/f-MWCNT (83.34 mA/cr), Pt-Ru-Re (1:1:1)/f-MWCNT (65.46 mA/chand
Pt-Ru-Re (1:1:0.25)/f-MWCNT (57.94 mA/@nare significantly higher than the bi-
metallic Pt-Re (1:1)/f-MWCNT (23.60 mA/cth and Pt-Ru (1:1)/f-MWCNT (48.76
mA/cn?), while no significant shifts in their;Ere observedT@ble 5.19. The highest
peak current density of 83.34 mA/€mwas obtained for the Pt-Ru-Re (1:1:0.5)/f-
MWCNT. The current densities of the synthesizedctebeatalysts for ethanol
electrooxidation in CVs study increased in the ado®y order of Pt-Re (1:1)/f-MWCNT
< Pt-Ru (1:1)f-MWCNT < Pt-Ru-Re (1:1:1)/f-MWCNT< Pt-Ru-Re (1:1:0.25)/f-

MWCNT < Pt-Ru-Re (1:1:0.5)/f-MWCNT.

The electrochemical reactions dime surface of Pt-based electrocatalyst nanopeasticl
during ethanol electrooxidation occur via a doytd¢hway mechanisifChoudhary and
Pramanik, 2019 and Themsirimongkon et al.,, 20I%he enhanced electrocatalytic
activities of Pt-based electrocatalysts were erpldithrough the cooperative result of the
bi-functional, ligand, and strain effects as disaasearlierThe addition of Re atoms to
Pt lattice resulted in substantial lattice conimacis discussed in the XRD section. Such
lattice contraction is the cause of lattice steffects, could also shift the d-band center of
Pt atoms away from the Fermi level, and reduceshtming strength and coverage of
intermediates on the Pt surface. Thus, the supetemtrocatalytic activity oPt-Ru-Re

(1:1:0.5)/f-MWCNT electrocatalysts among synthedieéectrocatalysts was ascribed to
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the synergistic effects of constituents and exoele®mnductive f-MWCNT support. The
positive effects of Re addition to Pt-based eleatalysts in the breaking of C-C bond
during ethanol electrooxidation were also repotigdrayal et al., (2012). Moreover, the
smallest particle size of Pt-Ru-Re (1:1:0.5)/f-MWCNFig 5.26d and Fig 5.27d)
probably might give the highest electrochemicalvacsurface area and thus, results in
the highest interactions with ethanol molecule. sTimay results in better ethanol
electrooxidation kinetics at the anode with verghhcurrent densityAs the structural
defects or surface roughness of this particulactedeatalyst is very high and thus,
activation loss should also below, which consedyemiust give higher operating cell

voltage and current density in single cell expentador ethanol fuel.

5.2.3.3 Chronoamperometry (CA) analysis

The chronoamperometry (CA) experiments were carriggt to examine the
electrochemical performance and stability of theeckbcatalysts for ethanol
electrooxidation. The electrochemical stabilityedéctrocatalysts was measured in 2 M
ethanol mixed with 0.5 M HCIQsolution at two constant potentials of 0.55 V &gl vV

for 900 s, respectively (Fig 5.31a and Fig 5.31b)all CA curves(Fig 5.31a and Fig
5.31b), the current densities for all the electtalyats decayed rapidlgluring the first
few minutes i.e. 10 minutes and then reached velgtstable values after 10 minutes for
both potential{Fig 5.31a and Fig 5.31bYhe dramatic decay of current densities could
be due to the poisoning of surface active siteelettrocatalysts from carbonaceous
intermediates, instability of electrocatalyst naadigles, and diffusional effec{3ayal et
al., 2011 and Tayal et al., 201After about 10 minutes, the adsorption and oxoat
rates of the intermediates are in equilibrium,fedurrent density curve tends to stabilize

(Qin et al., 2019)The tri-metallicPt-Ru-Re (1:1:0.5)/f-MWCNT electrocatalysts attaine
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higher current density than bi-metallic Pt-Re (#:MWCNT and Pt-Ru (1:1)/f-MWCNT
and other tri-metallic electrocatalysts. The supemctivity of Pt-Ru-Re (1:1:0.5)/f-
MWCNT can be attributed to the modification of eteaic properties and the presence
of ruthenium oxides resulting in a combination afunctional, ligand, and strain effects
(Shen et al., 2015Yhe ethanol electrooxidation current densityPt/Ru-Re (1:1:0.5)/f-
MWCNT was higher than all the other electrocatalyatthe entire testing time at both

reference potentials (0.55 V and 0.8 V).
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Figure 5.31aCA curves ofPt-Ru (1:1)/f-MWCNT, Pt-Re (1:1)/f-MWCNT, Pt-Ru-Re
(1:1:1) /--MWCNT, Pt-Ru-Re (1:1:0.5)/f-MWCNT and -Ru-Re (1:1:0.25)/f-MWCNT
electrocatalysts recorded 2 M ethanol + 0.5 M HCIQsolution at fixed potential of 0.55
V vs. Ag/AgCI at room temperature of 30 °C.
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Figure 5.31b CA curves ofPt-Ru (1:1)/f-MWCNT, Pt-Re (1:1)/{-MWCNT, Pt-Ru-Re
(1:1:1) /--MWCNT, Pt-Ru-Re (1:1:0.5)/f-MWCNT and -Ru-Re (1:1:0.25)/f-MWCNT
electrocatalysts recordeéa 2 M ethanol + 0.5 M HCI@solution at fixed potential of 0.8
V vs. Ag/AgCl at room temperature of 30 °C.
The stable current obtained fBt-Ru-Re (1:1:0.5)/f-MWCNT at 900 s was 19.1 mA?cm
which is higher than all the other electrocatalystggesting the higher stability of Pt-Ru-
Re (1:1:0.5) /-MWCNT Fig 5.3b). The similar trend of highest current densit§.41
mA/cnr) of Pt-Ru-Re (1:1:0.5)/f-MWCNT as observedFiy (5.31a), was also noticed in

Fig (5.3Db) for the potential 0.8 V. The stable current deasitbbtained after 900 s at

both reference potentials 0.55 V and 0.8 V weresistent with the CV results.
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5.2.4 FESEM observation of electrode

The electrocatalytic performances of the syntheksizlectrocatalysts in half cell, show
that the Pt-Ru-Re (1:1:0.5)/f-MWCNT is exhibitingpet better activity for ethanol
electrooxidation. Thus the loading of the best tebeatalyst Pt-Ru-Re (1:1:0.5)/f-
MWCNT was varied from 0.5 mg/crto 1.5 mg/cri and surface morphology of the
developed electrodes were studied through FESEMysieaThe main purpose/aim of
this study/analysis was to correlate the DEFC tssidr varying load of anode and
cathode electrocatalyst with the surface morpholbky agglomeration and uniform

distribution of electrocatalyst.

5.2.4.1 FESEM of anode

The FESEM image for the blank GDL carbon paperesented in Fig (5.32and that

for the sintered mass of laboratory synthesizedlambectrocatalyst Pt-Ru-Re (1:1:0.5)/f-
MWCNT various loads ranging from 0.5 mg/cto 1.5 mg/criiare shown in Fig (5.32b),
to Fig (5.32d), respectively. The blank GDL demaasts the distinct and even
distribution of rod-like structure carbon fiberstivPTFE interconnecting film that makes
the GDL/carbon paper porous. The GDL/carbon papesists of 10 % PTFE dispersion
to form a porous structure and a broader pore gigeibution. Fig (5.32c) shows a
uniform distribution ofPt-Ru-Re (1:1:0.5)/f-MWCNT electrocatalyst on thBlGcarbon
paper with porous morphology for loading of 1 mgicithe porous electrode structure
ensures the continuous supply of fuel and oxidatité anode and cathode electrocatalyst
layer, respectively, and enables access to theveadiectrocatalyst sites for faster
electrochemical reaction ratébhe FESEM image (Fig 5.32d) for electrocatalystdeno
with a maximum loading of 1.5 mg/énshows a slightly denser, less porous surface

morphology of the electrocatalyst layer.
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Figure 5.32aFESEM image of blank GDL/carbon paper.
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Figure 5.32b FESEM image of anode electrocatalyst Pt-Ru-Re @BYf-MWCNT
loading of 0.5 mg/ct
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V mag ] det | mode re HFW — 500 nm —
15.00 kv | 100 000 x | TLD SE Pa | 4.7 mm | 414 pm NovaNanoSEM

Figure 5.32c FESEM image of anode electrocatalyst Pt-Ru-Re @I5Yf-MWCNT
loading of 1 mg/crh

mag [ det | mode | ] ND HF‘ ) | — 500 nm —
15.00 kV | 100 000 x | TLD SE 5 Pa | 48 mm | 4.14 pm NovaNanoSEM

Figure 5.32d FESEM image of anode electrocatalyst Pt-Ru-Re @BYf-MWCNT
loading of 1.5 mg/cfh
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Some researchers have argued that as electro¢adtalgisng increases, the active surface
area of the electrode increases, and that beyamdtain loading, the active surface area
decreasesPRramanik and Basu, 2007, Pramanik and Rath@0f/ andPanjiara and
Pramanik, 2020a With an additional increase in electrocatalysading above 1.5
mg/cnf, nanoparticle electrocatalyst agglomeration oceuns therefore the porosity of

the electrocatalyst layer is reduced.

5.2.4.2 FESEM of cathode

Fig (5.33a) to Fig (5.33cshow the FESEM of cathode electrodes of varying
electrocatalyst loading ranging from 0.5 mgfam 1.5 mg/cr of Pt (40 wt. %)/Gispec
respectively. Fig (5.33b) shows the even distrdoutiof Pt (40 wt. %)/Gispec
electrocatalyst over the GDL surface along withegofor the loading of 1 mg/cnin
comparison to that of loading 0.5 mg/c(fig 5.33a) The FESEM image (Fig 5.33c) for
electrocatalyst anode with a maximum loading of rhg/cnf shows a slightly denser,

less porous surface morphology of the electrocsitddyer.
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v g O | det | mode
15.00 kV | 100000 | TLD | SE

Figure 5.33aFESEM image of cathode electrocatalyst commerdi&@Rpec loading of
0.5 mg/cm.

mag [] det | mode pre: HFW | — 500 nm —
4:19:18 PM | 15.00kV | 100000x | TLD | SE 1.29 48 mm | 4.14 ym NovaNanoSEM

Figure r??r.SfﬁbFESEM image of cathode electrocatalyst commerdi@Rpecloading of
1 mg/cnd.
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i ; ) AN ot
V mag [ | det | mode e HFW — 500 nm —
15.00kvV | 100000x | TLD | SE 29 a | 48 mm | 414 pm NovaNanoSEM

Figure 5.33cFESEM image of cathode electrocatalyst commerdi&{pec loading of
1.5 mg/c.

5.2.5 DEFC study

5.2.5.1 Effect of support functionalization

Fig (5.34)shows the polarization curves and power densityesufor the Pt-Ru (1:1)/p-
MWCNT and Pt-Ru (1:1)/f-MWCNT as anode electrocggtd and commercial Pt (40 %
wt.)/Cuispec @s cathode electrocatalyst at a cell temperatuB® GC. The electrocatalyst
loading at the anode and the cathode electrode fiezd at optimum loading of 1
mg/cnt. It is seen in Fig (5.34) that the maximum OCV0d865 V and 0.683 V were
produced for fuel ethanol (2 M) using Pt-Ru (1:AWpVCNT and Pt-Ru (1:1)/f-MWCNT
as anode electrocatalysts, respectively. The maximower density of 6.57 mW/cmat a
current density of 27.36 mA/drand maximum power density of 7.48 mWfcat a

current density of 30.4 mA/chwere obtained for Pt-Ru (1:1)/p-MWCNT and Pt-Ru
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(1:1)/f-MWCNT as anode electrocatalysts, respebtivit is observed that -MWCNT
supported Pt-Ru electrocatalyst exhibits superedl gerformance in comparison to p-
MWCNT supported Pt-Ru electrocatalyst. The bettecteocatalytic activity of Pt-Ru
(2:2)/f--MWCNT for ethanol electrooxidation can b#ributed to a small number of

organic impurities, smaller metal crystallite semed higher alloyed Ru as explained in

XRD analysis.
0.8 10
—a— Pt-Ru (1:1)/p-MWCNT
0.7 | —— Pt-Ru (1:1)/EMWCNT -9
.M+ Pt-Ru (1:1)/p-MWCNT
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0.6 ey,
‘_',.-0 - o..."’
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Figure 5.34 Single cell performance characteristics for anotéetmcatalysts Pt-Ru

(2:1)/p-MWCNT and Pt-Ru (1:1)/f-MWCNT using anodeetl of 2 M ethanol solution.

Cathode feed: humidified pure oxygenadde= 1 bar (absolute); Solid line-polarization
curves; Dotted line-power density curves.
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5.2.5.2 Effect of anode electrocatalysts type

Due to the better electrocatalytic activity of Ri-Relectrocatalyst supported on
functionalized MWCNT i.e., Pt-Ru/f-MWCNT (Fig 5.34all the synthesized bi-metallic
and tri-metallic electrocatalysts presented heeesapported on -MWCNT. Fig (5.35)
shows the comparison ttie single cell DEFC performance curves for BtdRu (1:1)/f-
MWCNT, Pt-Re (1:1)/f-MWCNT, Pt-Ru-Re (1:1:1)/f-MWCN Pt-Ru-Re (1:1:0.5)/f-MWCNT
and Pt-Ru-Re (1:1:0.25)/f-MWCNT as anode electmlgats and commerciaPt (40 %

wt.)/Chispecas cathode electrocatalyst at a cell temperafuse &C.

5
0.9 —e— Pt-Ru (1:1)/fMWCNT 12
——Pt-Re (1:1)/-MWCNT
—8—Pt-Ru-Re (1:1:1)/f-MWCNT
0.8 4 —¥—PtRu-Re (1:1:0.5)/f-MWCNT
—&— Pt-Ru-Re (1:1:0.25)/f-MWCNT

@+ Pt-Ru (1:1)/f-MWCNT - 10
-4+ Pt-Re (1:1)/EMWCNT R
0.7 § M- Pt-Ru-Re (1:1:1)/EMWCNT X Xeverog,
- PtRu-Re (1:1:0 5)/FMWCNT X" o 0 L o g
---- &~ PtRu-Re (1:1:0.25)/FMWENT g m® .
0.6 Xl adohhody = 8

Cell Voltage (V)
o
Power Density (mW/cm?)

0 .: T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Current Density (mA/cm?)

T T 0

Figure 5.35 Single cell performance characteristics for difféeranode electrocatalysts
using anode feed of 2 M ethanol solution. Cathadelf humidified pure oxygencfode
=1 bar (absolute); Solid line-polarization curvBstted line-power density curves.

Indian Institute of Technology (BHU), Varanasi 221005 205



Chapter 5 Results and Discussion

The electrocatalyst loading at the anode and tti®oda electrode was fixed at 1 mgfcm

In Table (5.20), the maximum values of single &HFC performance results such as
open circuit voltage (OCV), power density, and eatrdensity are summarized for
comparative study. In the low current density ragithe voltage drop at a fixed current
density in a single cell is very close for all tekectrocatalyst except Pt-Re (1:1)/f-
MWCNT. Furthermore, a rapid fall in cell voltage svabserved for all electrocatalysts
except Pt-Ru-Re/f-MWCNT, which were due to the siowial ethanol electrooxidation

reaction and high activation losses at the eleetsadface.

Table 5.20 Summary of performance of different anode electadgsts in single cell
DEFC tests for 2 M ethanol at a cell temperatur&0f°C.

Anode electrocatalyst ocCv Maximum Current density at

V) power maximum power

density density (mA/cnt)

(mW/cm?)

Pt-Re (1:1)/f-MWCNT 0.542 4.74 22.56
Pt-Ru (1:1)/f-MWCNT 0.683 7.48 30.40
Pt-Ru-Re (1:1:1)/f-MWCNT 0.70 8.8 35.20
Pt-Ru-Re (1:1:0.5)/f-MWCNT 0.708 9.52 38.40
Pt-Ru-Re (1:1:0.25)/f-MWCNT 0.688 8.13 33.60

It is observed from the comparative single celtgtunitial fall in voltage is pronounced
in the case of Pt-Re (1:1)/f-MWCNT electrocatalgste to very high activation loss,
which is similar to the result reported by Tayahef (2012). There is a sharp dip in cell
voltage with an increase in current density wasepked for Pt-Re (1:1)/f-MWCNT
electrocatalyst indicating the cell has undergdmeugh ohmic overpotential. This study
shows thathe cell performance using Pt-Re (1:1)/f-MWCNT asde electrocatalyst for

ethanol electrooxidation is not up to mark. The petformance was improved, wher
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Ru (1:1)/f-MWCNT was adopted as anode electrocstallyor bi-metallic Pt-Re (1:1)/f-
MWCNT andPt-Ru (1:1)/f-MWCNT, the maximum power density of4mW/cnt and 7.47
mWi/cn? was obtained at a current density of 22.56 mA/and 22.40 mA/cf
respectively. The maximum open circuit voltage (Q@V0.683 V was obtained fatt-

Ru (1:1)/f-MWCNT, which was also higher than thatte Pt-Re (1:1)/f-MWCNT (0.542 V),
suggesting there is a difference in ethanol oxmhatieaction mechanism. Further, the
addition of Re to the bi-metallic Pt-Ru (1:1)/f-MWCT is clearly enhancing the ethanol
oxidation reaction as seen from the polarizatiorves Fig (5.35)When adopting tri-
metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT electrocatalysts anode, it remarkably improves
the DEFC cell performance compared to bi-metaltt®E (1:1)/f-MWCNT, Pt-Ru (1:1)/f-
MWCNT and other tri-metallicPt-Ru-Re (1:1:0.25)/f-MWCNTand Pt-Ru-Re (1:1:1)/f-
MWCNT electrocatalysts (Table 5.20). It is obsernfenn a single cell comparative
study that the performance of Pt-Ru-Re (1:1:0.8MCNT electrocatalyst is superior to
other synthesized electrocatalysts. The highesepdensity of 9.52 mW/cfrat a current
density of 38.4 mA/crwas obtained for Pt-Ru-Re (1:1:0.5)/f-MWCNT. Thietained
OCYV for this electrocatalyst was the highest (0.X¥Q8among all electrocatalyst$he
addition of Re to the bi-metallic Pt-Ru/f-MWCNT e®nducive for the breaking of C-C
bonds in ethanol molecules, but a higher percerda&e in Pt-Ru-Re (1:1:1)/f-MWCNT
blocks the further oxidation of intermediates. yrbe due to barriers to the adsorption
of the intermediates on the active sites of theteeatalysts. This confirms that only a
small of Re addition in Pt-Ru (1:1)/f-MWCNT eleatagalyst favors in breaking of C-C
bonds in the electrooxidation of ethanol. It shoalkb be noted that Pt-Ru-Re (1:1:0.5)/f-
MWCNT showed excellent physical and electrochempraperties which have already

been discussed in the section of electrocatalystacterizations.
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The effect of ethanol concentrations, anode eleatadyst loading, cathode
electrocatalyst loading and cell temperature wéudisd for the best electrocatalyst Pt-

Ru-Re (1:1:0.5)/f-MWCNT and results are discussethé subsequent section.

5.2.5.3 Effect of ethanol concentration

Fig (5.36) showsthe effect of ethanol concentration on tpelarization and power
density curves using Pt-Ru-Re (1:1:0.5)/f-MWCNT asode electrocatalyst and
commercial Pt (40 wt. %)igspec @s cathode electrocatalyst at a cell temperatu89 o
°C. The electrocatalyst loading at anode and cithwere 1 mg/cfa It is seen from the
Fig (5.36)that the cell performance increases with the irsgesthanol concentration
from 0.5 M to 2 M, while the cell performance dexse with further increase in ethanol
concentration beyond 2 M. At very low ethanol concation of 0.5 M, adequate fuel
ethanol is not able to access the electrocatadysr[to maintain the increased current
density and thus the cell performance suddenly slchpe to mass transport limitations.
These results are consistent with the result reddsyy Song et al., (2005), Pramanik and
Basu, (2007), Alzate et al., (2011) aBdel and Basu, (201ZJhe ethanol concentration
of 2 M produces the maximum OCV of 0.708 V andriteximum power density of 9.52
mW/cnf at a current density of 38.4 mA/énAt higher ethanol concentration of 3 M in
results in low OCV of 0.658V and maximum power dgnsf 8.65 mW/cr at a current
density of 36.8 mA/cf The ethanol concentration of 0.5 M produced OG\.304 V
and maximum power density of 6.66 m\W/cat a current density of 22.56 mA/Enit is
clearly seen that the maximum power density forNd.&nd 3 M ethanol were lower than

the 2 M ethanol concentration.
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Figure 5.36 Single cell performance characteristics for anoléetecatalyst Pt-Ru-Re
(2:1:0.5)/f-MWCNT using varying ethanol concentoati as anode feed at a cell

temperature of 30 °C. Cathode feed: pure humalifieygen; Ranode= 1 bar (absolute);
Dotted line-power density curves; Solid line- pdation curves.

The reason for the increase in cell performancé witrease in ethanol concentration
may be due to the replacement of water molecutas the active site of electrocatalyst
offer by the ethanol molecules. As per Equatior)(presence of water and ethanol
molecules both are very much essential for the ¢etop of the reaction at the anode
side.

C,HsOH + 3H0 — 2C0O, + 12H + 126 (5.6)
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Thus, a delicate balance is required between ellzemabwater at the electrocatalyst sites.
This is maintain at an ethanol concentration of 2 akid thus gives highest cell

performance in terms of power density.

5.2.5.4 Effect of anode electrocatalyst loading

Fig (5.37)showsthe effect of different anode loadings i.e., 0.5/eng, 1 mg/cnd and
1.5 mg/cnd of Pt-Ru-Re (1:1:0.5)/f-MWCNT as an anode on fib&rization and power
density curves at a cell temperature of 30 °C. Gdwhode was kept fixed loading of 1
mg/cnt of commercial Pt (40 % wt.){&spec The anode fuel was 2 M ethanol solution. It
is seen in Fig (5.37) that the power density ineesaas electrocatalyst loading of the
anode increase from 0.5 mgfto 1 mg/cm. While, further increase ielectrocatalyst
loading beyond 1 mg/cmthe cell performance decreases. The reasonédaettuction in
power density of DEFC of anode loading at 1.5 md/cmay be attributed to
electrocatalyst particle agglomeration/compactiorailimited space and an increase in
electrode thickness as discussed in section 5.ZRhafie no. 198FESEM of anode

(Pramanik et al., 2008).

The maximum OCV of 0.708 V and maximum power densit 9.52 mW/cm at a
current density of 38.4 mA/chwere achieved for the synthesized Pt-Ru-Re (BYf0.
MWCNT electrocatalyst. The electrocatalyst loadioig0.5 mg/cmi and 1.5 mg/cmd
produced maximum power density of 6.30 m\W/@mna current density &5.6 mA/cni
and maximum power density 8.03 mW/crat a current density o82 mA/cnf,
respectively The maximum OCV of 0.686 V and 0.678 V were obtdifer 0.5 mg/crd

and 1.5 mg/crhloading of anode Pt-Ru-Re (1:1:0.5)/f-MWCNT, respeely.
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The cathode loading was varied keeping anode |gafitked at optimum loading of 1

mg/cnt. The effect of cathode loading is discussed imie section.
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Figure 5.37 Single cell performance characteristics for anoléetecatalyst Pt-Ru-Re
(2:1:0.5)/f-MWCNT at different electrocatalyst load using an anode feed of 2 M
ethanol solution. Cathode feed: pure humidifiedgexty, Ratode= 1 bar (absolute); Dotted
line-power density curves; Solid line- polarizaticurves.
5.2.5.5 Effect of cathode electrocatalyst loading
Fig (5.38)showsthe effect of different cathode loadings i.e., @&/cnf, 1 mg/cn and
1.5 mg/cni of Pt/Gyispecas cathode on thaolarization and power density curves at a cell

temperature of 30 °C. The anode was kept fixedpitnum loading of 1 mg/cfnof Pt-

Ru-Re (1:1:0.5)/f-MWCNT. The anode fuel was 2 Magtbl solution. It is seen in Fig

Indian Institute of Technology (BHU), Varanasi 221005 211



Chapter 5 Results and Discussion

(5.38) that the power density increases as eletfityst loading of the cathode increase
from 0.5 mg/crito 1 mg/cr. While, further increase ialectrocatalyst loading beyond 1
mg/cnf, the cell performance decreases. The reason hesdwlbeen discussed in the
previous section fothe varying anode electrocatalyst loading (Page2a0) and in the

section 5.2.4.2 FESEM of cathode (Page no. 201).
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Figure 5.38 Single cell performance characteristics faommercial cathode
electrocatalysPt/Cyispec at different electrocatalyst loading using an antekd of 2 M
ethanol solution. Cathode feed: pure humidifiedgety, Ratode= 1 bar (absolute); Dotted
line-power density curves; Solid line- polarizaticurves.

It is seen in Fig (5.38) that the maximum OCV of(8 V and maximum power density

of 9.52 mW/cn at a current density of 38.4 mA/mvere obtained for synthesize Pt-Ru-
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Re (1:1:0.5)/f-MWCNT electrocatalystvhile, the electrocatalyst loading of 0.5 mgfcm
and 1.5 mg/chof Pt/Gyispec produced maximum power density of 5.98 mW/amh a
current density of 24 mA/cfrand maximum power density @f78 mW/cri at a current
density of 30.4 mA/cf respectively. The maximum OCV of 0.683avd 0.674 V were
obtained for 0.5 mg/cfmand 1.5 mg/ct loading of commercial cathodet/Guispec
respectively. It is seen from Fig 5.38 that théhode loading of 1 mg/chis the optimum
and thus optimum cathode loading of 1 mdfamas used for the optimization of cell

temperature in the next section (Page no. 213).

5.2.5.6 Effect of cell temperature on DEFC performace

Fig (5.39) shows the effect of temperature on the cell peréomce using Pt-Ru-Re
(1:1:0.5)/f-MWCNT as anode electrocatalyst in DEF&s it resulted in the best
performance at room temperature of 30 °C. As masticearlier, the anode and cathode
optimum loading of 1 mg/cfwere used for electrode fabrication. It is obserire Fig
(5.39) that the polarization curve shifts upwarthwthe increase in DEFC temperature up
to 80 °C. The high temperature reduces the celfpmtentials mainly activation and
ohmic losseqAlzate et al., 2011 and Choudhary and Pramanik92(Moreover, the
anode kinetics for ethanol electrooxidation getsagiced at high temperatures and thus,
current density also improves dramatically. It ddobe noted that maximum cell
temperature was maintained at 80 °C in the viethefboiling point of ethanol of about

78.4 °C(Choudhary and Pramanik, 2020a and Choudhary eaxddnik, 2020h)
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Figure 5.39 Single cell performance characteristics for anoléetecatalyst Pt-Ru-Re
(1:1:0.5)/f-MWCNT at varying cell temperatures ugpian anode feed of 2 M ethanol
solution. Cathode feed: pure humidified oxygegsnbie= 1 bar (absolute); Dotted line-
power density curves; Solid line- polarization @sv

The OCV, maximum power density, and current denaitynaximum power density at
varying temperatures are presented in Table (5P19. positive effects of temperature
are also observed in OCV of the single DEFC, wiuohld be explained by the Nernst
equation(Larminie and Dicks, 2003). It is clearly obsertédt raising the temperature
greatly enhanced DEFC cell performance, from marimpower density of 9.52
mW/cnt at 30 °C to 23.2 mW/chat 80 °C, i.e. about 2.44 times higher. Theseutito

study suggest that ethanol electrooxidation igaliff at low temperature generates very
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low power density and thus, for practical applicatithe DEFC should be operated at

high temperatures.

Table 5.21 Summary of performance of synthesized Pt-Ru-Re:{BYf-MWCNT
electrocatalyst in single fuel cell tests for 2 Mhanol at various operating cell
temperature.

Electrocatalysts Temperature| Open Maximum Current density
(°C) circuit power at maximum
voltage density power density
V) (mW/cm?) (mA/cm?)
Pt-Ru-Re (1:1:0.5)/f- 30 0.708 9.52 38.4
MWCNT 40 0.716 10.66 44.8
50 0.722 12.53 48
60 0.728 15.44 57.6
70 0.736 19.15 67.2
80 0.744 23.2 80

5.2.6 Stability test of DEFC

The stability test is very important for evaluatitite long term performance of the
developed direct ethanfulel cell. The stability test of single DEFC wererformed using

the best bi-metallic electrocatalysts i.e., Pt-Rg/€LM (without post treated), Pt-
Ru/Cag-H2-RT (with post treated), and best tri-metallic #lecatalyst Pt-Ru-Re
(1:1:0.5)/f-MWCNT keeping cathode electrocatalyaime i.e., Pt/Gispec for all set of

experiments.

The performances of synthesized electrocatalyste wempared with the available bi-
metallic commercial electrocatalysts Pt-Ru/C. Iseéen from the Fig (5.39) that the drop
in cell voltage is lowest for the tri-metallic Pt#fRe (1:1:0.5)/f-MWCNT even after 15 h

of cell operation. The cell operating conditionsrev®ptimum as reported in section
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5.1.1.5 (Page no. 143), section 5.1.2.3 (Page &®) dnd section 5.2.5 (Page no. 203),
respectively. Fig (5.40) shows the data of stabtists recorded for 15 h at a constant
load when drawing total current of 20 mA from theect ethanol fuel cell (DEFC) using
Pt-Ru/Gs-PLM, Pt-Ru/Gg-H2-RT, commercial Pt-Ru/C and Pt-Ru-Re (1:1:0.5)/f-
MWCNT as anode electrocatalysts. The solid elegtieolvas Nafiofi 117 commercial

membraneThe humidified oxygen was used as an oxidant atdkieode.
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Figure 5.40 Stability test of the DEFC using synthesized biatiet Pt-Ru/Gg-PLM
(without post treated), Pt-Rudg-H>-RT (with post treated), commercial Pt-Ru/C and tri
metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT as anode elecaitalysts with 2 M ethanol at
constant load of 20 mA at a temperature ofG0
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The cell voltage decreased slightly after 15 h pération of DEFC from 0.601 V to
0.576 V, 0.57 V to 0.543 V, 0.552 V to 0.523 V ad®34 V to 0.503 V for anode
electrocatalysts Pt-Rujg-PLM, Pt-Ru/Gg-H2>-RT, commercial Pt-Ru/C and Pt-Ru-Re
(1:1:0.5)/f-MWCNT, respectively. The chemically $lyasized electrocatalysts exhibited
stable cell performance in terms of cell voltage éthanol electrooxidation for the test
period of 15 h.The DEFC fabricated with the Pt-Ru-Re (1:1:0.5M@NT as anode
showed relatively more stable cell voltage compared the other bi-metallic
electrocatalysts. The slight deterioration in paliformance with time may beecause of
the adsorption of intermediagpecies such as GOn the electrocatalyst surface formed

during ethanol electrooxidation.

5.2.7 Comparison of the performance for synthesizedand commercial
electrocatalysts

Table (5.22) shows the performance comparison lier gynthesized best anode bi-
metallic electrocatalysts i.e., Pt-RufePLM, Pt-Ru/Gg-H>-RT, commercial Pt-Ru/C
(30%:15%) and tri-metallic Pt-Ru-Re (1:1:0.5)/f-MWC electrocatalysts of loading 1
mg/cnt for each electrode using ethanol as fuel. The ceroia Pt/Gyispec of 1 mg/cnd
was used as cathode electrocatalyst. The solitrelige used was a commercial Naffon
117 membrane. The cathode oxidant used was hueddixygen. It is seen from Table
(5.22) that the highest cell performance in termhpawer density and current density is
observed for the synthesized tri-metallic Pt-Ru¢R&:0.5)/f-MWCNT electrocatalyst as
anode in DEFC. Whereas, the maximum power densftycanmercial Pt-Ru/C
(30%:15%) electrocatalyst was observed lower tHatha synthesized bi-metallic and
tri-metallic supported electrocatalysts. The maximopen circuit voltage (OCV) of

0.744 V and maximum power density of 23.2 mW/@aha current density of 80 mA/ém
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were obtained for the tri-metallic Pt-Ru-Re (1:B)f-MWCNT electrocatalyst as anode

in DEFC at a temperature of 80 °C.

Similarly, the single cell DEFC using bi-metallit-Ru/Cag-PLM and Pt-Ru/Gg-Ho-RT
as anode electrocatalysts produced maximum powesitgeof 15.12 mW/crh at a
current density of 48.16 mA/cnand 16.23 mW/cfat a current density of 51.2 mA/ém
respectively. However, an OCV of 0.734 V and a mmaxn power density of 13.89
mW/cnf at a current density of 44.8 mA/émvas obtained for commercial Pt-Ru/C
(30%:15%) electrocatalyst as anode at a temperafud® °C. It can be observed from
Table (5.22)hat the cell performance using synthesized bi-hieft-Ru/Cag-PLM and
Pt-Ru/G-H>-RT  were superior to that of commercial Pt-Ru/C %305%)

electrocatalyst.

Goel and Basu, (2014) reported an OCV of 0.61 V amkak power density of 17.50
mW/cn? using Pt-Ru/C electrocatalyst with 2 mgfcelectrocatalyst loading at 100 °C.
The peak power density is slightly higher than theesent study bi-metallic
electrocatalysts and it may be due to high cellpemature (100 °C) and high loading of
anode electrocatalyst (2 mg/@mTayal et al., (2012) obtained the maxim@cV of
0.64 Vand a power density of 30.5 mW/Emsing the RtReSn;s (wt. %)/C as anode
electrocatalyst at a cell temperature of 100 °@yTused higher cell temperature (100 °C)
and high loading of both anode and cathode (2 mfy/ekithough cell performance was
high, electrocatalyst loading at both anode antiatk were 2 mg /cth respectively,
which is higher than the present study. Accordm@ayal et al., (2011), the impregnation
reduction technique synthesized anode electroctdy,Sno (wt. %)/C produced a
maximum OCV of 0.705 V and a power density of 22W/cnt at a cell temperature of

90 °C with the same anode and cathode loading (&g
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Table 5.22Performance comparison of synthesized best bi-fieetaid tri-metallic Pt-
Ru/Cag-PLM, Pt-Ru/Gg-H2-RT, commercial Pt-Ru/C (30%:15%) and tri-metalicRu-
Re (1:1:0.5)/f-MWCNT electrocatalysts as anode gisiptimum conditions.

References| Electrolyte and Other operating Maximum | OCV
electrocatalyst conditions power V)
density
(mW/cm?)
Present Nafion® 117; Fuel: ethanol (2 M) | 15.12 0.736
Work Anode: Pt-Ru/Gg-PLM (40 | (1.2 ml/min);
wt. %) (1 mg/crfi); Cathode: | Oxidant: humidified
Pt/C (40 wt. %, AA) (1 O, (60 ml/min);
mg/cnf) Temperature: 80 °C
Present Nafion® 117; Fuel: ethanol (2 M) | 16.23 0.737
Work Anode: Pt-Ru/Gg-H-RT (2.2 ml/min);
(40 wt. %) (1 mg/cr); Oxidant: humidified
Cathode: Pt/C (40 wt. %, | O, (60 ml/min);
AA) (1 mg/cnf) Temperature: 80 °C
Present Nafion® 117; Fuel: ethanol (2 M) | 13.89 0.734
Work Anode: Pt-Ru (30%:15% by| (1.2 ml/min);
wt.)/C (1 mg/cr); Oxidant: humidified
Cathode: Pt/C (40 wt. %, | O (60 ml/min);
AA) (1 mg/cnf) Temperature: 80 °C
Present Nafion® 117; Fuel: ethanol (2 M) | 23.2 0.744
Work Anode: Pt-Ru-Re (1:1:0.5)/f; (1.2 ml/min);
MWCNT (40 wt. %) Oxidant: humidified
(1 mg/cnf); O, (60 ml/min);
Cathode: Pt/C (40 wt. %, | Temperature: 80 °C
AA) (1 mg/cnf)
Goel and | Nafion® 117; Fuel: ethanol (2 M) | 17.50 0.610
Basu, Anode: Pt-Ru (1:1)/C (40 | (1.0 ml/min);
(2014) wt. %, 2.0 mg/cri); Oxidant: humidified
Cathode: Pt /C (40 wt. %, | (160 SCCM/min);
JM’) (1.0 mg/cr) Temperature: 100 °C
Tayal et al.,| Nafion®117; Fuel: ethanol (5 M) | 30.5 0.64
(2012) Anode: PjResSns (wt.%)/C | (1 ml/min);
(40 wt. %) (2 mgl/c); Oxidant: humidified
Cathode: Pt /C (40 wt. %, | O, (60 ml/min);
JIM) (2 mg/cn) Temperature: 100 °C
Tayal et al.,| Nafion®117; Fuel: ethanol (2 M) | 22.4 0.705
(2011) Anode: PSSy (Wt.%)/C (2 ml/min);
(40 wt. %) (1 mg/cr); Oxidant: humidified
Cathode: Pt /C (40 wt. %, | O (60 ml/min);
JM) (1 mg/cn) Temperature: 90 °C
"JM-Johnson Matthey, AA-Alfa Aesar.
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In the present study synthesized Pt-Ru-Re (L. IfeMBVCNT as anode electrocatalyst
resulting in a maximum OCV of 0.744 V and a powenslty of 23.2 mW/cfhusing
anode and cathode electrocatalyst loading of 1 mfgia both electrodes at a cell

temperature of 80 °C.

5.2.8 Efficiency of the direct ethanol fuel cell
The overall/total efficiency of a fuel cell is deéd as the product of various individual

efficiencies as described below (Carrette et 8012
Mecowear =110 X0y XM X0y X1y, (5.7)

Where ¢ o Fepresents the overall efficiency of the fuel calhile 7%, 7, 7,

n, and n, are the thermodynamic efficiency/reversible celificeency, the

electrochemical efficiency, the Faradaic efficienttye fuel utilization efficiency and the

heating value efficiency, respectively.

Cell
r

The thermodynamic efficiency or reversible celiaéncy (7, )of a fuel cell is defined

as the ratio of the Gibbs free energy chamy®)(to the enthalpy chang@H), of the

electrochemical reactions, and can be expresskdi@ass.

ca _ _[ AG

The electrochemical efficiencyr() takes into account the losses resulted due to

electrode overpotentials (activation and concewtmabverpotential) and the resistive

losses (electrolyte, interconnects and contacstastes). It is defined as the ratio of the
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operating cell potential under load to the reveesdell potential and can be expressed as
below.

_[ Ew 5.9
()

r

Faradaic efficiency or current efficiencyy{() is expressed as the ratio of the actual

number of electrons involved in the oxidation react(n,,,) to the theoretical

maximum number of electrons involved in the congleiel oxidation reactionry(, ) as

given below.
7 = [—”wuw j (5.10)
r]theo

The fuel utilization efficiency 4, ) is defined as the actual fuel reacted to the fuel

supplied to the fuel cell on a mass basis. Sinddalfuel is not consumed in the reaction.
Some fuel has to pass through unreacted. Its valassumed to be 0.95 (Larminie and
Dicks, 2003).

The heating value efficiency is defined as theoratf the heating value of all fuel
components that are convertel@ctrochemically to the heating value of fuel diggpin
the fuel stream (Carrette et &Q01). Heating value efficiency is neglected in phesent
work because the fuel is in pumem. Thus.after considering all the assumptions the final

form of the Equation (5.7) is written as:
Tec overal :/7rce” X1y X1 X1y (5.11)

The DEFC efficiencies for the synthesized best anuemetallic e.g., Pt-Ru/-PLM,

Pt-Ru/G-H2-RT and commercial Pt-Ru/C and tri-metallic Pt-Rei-K1:1:0.5)/f-
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MWCNT were calculated at room temperature using d@qa (5.11). The cathode

electrocatalyst of commercial Pt (40 wt. %)&pecwas used for all experiments.

The maximum power density conditions have alreagBnlmentioned for the synthesized
best anode bi-metallic e.g., Pt-RuscPLM (8.28 mW/cm at a current density of 27.36
mA/cn?) (Page no. 146, Fig. 5.14), Pt-RuiH,-RT (9.15 mW/crfi at a current density
of 32 mA/cnf) (Page no. 170, Fig. 5.22) and commercial Pt-R{@@4 mW/cm at a
current density of 25.6 mA/cih(Section: APPENDIX C, Page no. 280, Fig. C.2) &ird
metallic Pt-Ru-Re (1:1:0.5)/--MWCNT (9.52 mW/énat a current density of 38.40
mA/cn?) (Page no. 208, Fig. 5.36). The calculated opegatiell voltages are 0.303 V,
0.286 V, 0.279 V and 0.248 V for the anode electtalysts Pt-Ru/gs-PLM, Pt-Ru/Gg-
H,-RT and commercial Pt-Ru/C and tri-metallic Pt-Rei-R1:1:0.5)/f-MWCNT,
respectively. Table (5.23) shows the individualsl awverall efficiency for ethanol fuel
using bi-metallic Pt-Ru/&g-PLM, Pt-Ru/Ggs-H2-RT and commercial Pt-Ru/C and tri-
metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT as anode elecatalysts for DEFC. The overall
efficiencies of 16.05 %, 15.43% and 14.82 % wertiokd for the best bi-metallic Pt-
Ru/Cag-PLM, Pt-Ru/Gg-H2-RT and commercial Pt-Ru/C as anode electrocatalyst
respectively for ethanol fuel at a temperature®f@. The overall efficiency of 13.44 %
was obtained for Pt-Ru-Re (1:1:0.5)/f-MWCNT electtalyst, which is little bit lower
than the bi-metallic electrocatalysts. The reasoay nbe due low operating cell

temperature of 30 °C.
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Table 5.23Individual efficiencies for ethanol fuel used inretit ethanol fuel cell using
best bi-metallic Pt-Ru/-PLM, Pt-Ru/Gg-H,-RT and commercial Pt-Ru/C and tri-
metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT as anode elecatalysts at room temperature.

Anode Electrocatalysts n& n, e , Total
Efficiency
(%)

Pt-Ru/Gg-PLM 0.97 0.26 | 0.67] 0.95 16.05
(35°C)

Pt-Ru/Gg-H>-RT 0.97 0.25 | 0.67] 0.95 15.43
(40 °C)

Commercial Pt-Ru/C 0.97 0.24 | 067 0.95 14.82
(35°C)

Pt-Ru-Re (1:1:0.5)/f-MWCNT| 0.96 0.22 | 0.67] 0.9 13.44
(30°C)
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5.3 Optimization and validation of process paramete using RSM: Part Il
5.3.1 Statistical analysis and model development
The set of proposed tests and experimental refsultee maximum power density, based

on the BBD method, are presented in Table (5.24).

Table 5.24 Box-Behnken design (BBD) matrix for three indepemdeariables with
response values, i.e. the DEFC power density.

Run A-Ethanol B-Anode C-Cell Power density
concentration | electrocatalyst| temperature (mW/cm?)
(M) loading (°C) Experimental | Predicted
(mg/cn) value value
1 2 1.00 60 15.44 15.47
2 2 1.00 60 15.85 15.47
3 3 1.00 80 21.80 21.51
4 1 0.5 60 7.8 7.48
5 3 1 40 9.98 10.15
6 3 1.5 60 13.2 13.52
7 1 1 80 18.3 18.13
8 2 1.5 40 9.8 9.31
9 2 0.5 40 7.5 7.54
10 2 15 80 21.6 21.57
11 1 1 40 8.7 8.99
12 2 0.5 80 15.3 15.79
13 2 1 60 15.70 15.47
14 2 1 60 15.2 15.47
15 3 0.5 60 10.2 10.0
16 2 1 60 15.15 15.47
17 1 1.5 60 11.3 11.50
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It can be seen from the last two-column of Tabl@4pthat the experimentally calculated
actual values of power density are closer to teelipted values obtained from the model
which approves the reliability of the RSM mod€&he highest power density of 21.80
mW/cnt was obtained when the DEFC was operated with laenet concentration of 3
M, anode electrocatalyst loading of 1 mgfcamd operating cell temperature of 80 °C.
However, the lowest cell performance in terms ofveo density 7.5 mW/cmwas
achieved at an ethanol concentration of 2 M, aredeetrocatalyst loading of 0.5 mg/ém

and operating cell temperature of 40 °C.

Table (5.25)shows the comparison of four response models lireear, two factor
interaction (2FI), quadratic and cubic summaryistias, which focuses on maximizing
the adjusted and predicted. Rmong the four response models, the quadraticeinisd
selected on the basis of the maximum adjusted aedigled R values as presented in
Table (5.25). Moreover, the predicted residual reston of squares (PRESS) value of the
guadratic model is also smaller than that of theeotesponse model, which implies how

fine the model fits the dat&énjiara and Pramanik, 2090b

Table 5.25Comparison of the ANOVA model results for ethanohcentration, anode
electrocatalyst loading and cell temperature.

Source Std Dev. R Adjusted R* | Predicted R* | PRESS
values
Linear 2.22 0.7952 0.7479 0.6208 118.80
2FI 2.43 0.8121 0.6994 0.2404 237.97
Quadratic 0.44 0.9956 0.9900 0.9474 16.49
Cubic 0.31 0.9988 0.9952 Aliased Aliased
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The ANOVA statistics of the quadratic model are sprdged in Table (5.26). The
significance of each independent variable to tlspaase is evaluated on the basis of the
value of two parameters i.e., F-value and p-valliee ANOVA (Table 5.26) was
implemented to verify the statistical significancé the regression model, model
coefficient and lack of fit@haroen et al., 20).7The quadratic model is chosen because
of the high F value (177.40) and the lower p-vatighe model than 0.0001. In addition,
the difference between the adjustetaRd the predictedRor the quadratic model is less
than 0.2. The p-value < 0.05 and the higher F valdeate the suitability of the model
(Charoen et al., 20).7For the present model, the "F-value" of the 4@ Avith a very low
"p-value" (< 0.0001) suggests that the developediahas well applicable to the
experiments (Table 5.26). The variance analysiBatle (5.26) showed that the values of
R? and adjusted Rwere estimated at 0.9956 and 0.9900, respectifélg.model with a
small standard deviation (0.44) and a regressiafficent R (0.9956) closer to the
unity, indicates that the predicted power dens#jugs were accurate and close to the
experimental dataZ@inoodin et al., 2015 Besides, the Rvalue of 0.9956 shows that
99.56 % of the total power density variation igibtited to the experimental variables
and exhibits a high correlation between the expentad data and the model predicted
ones. The predicted’Rof 0.9474 is in reasonable agreement with the shelji B of
0.9900. Herein, "Adeq Precision" measures the @&tgignal to noise and a value greater
than 4 is a general requirement. In the presendystthe value of 41,556 "Adeq
Precision” indicates adequate precision. In additibhe lower coefficient of variation
(CV % = 3.23) attests to the reliability of the eximental design with higher precision.
Besides, the p-value of the "lack of fit" is eqt@l0.1264 (Table 5.26), which is a higher
significance level valuen(= 0.05). Thus, the "lack of fit" is not significafor the power

density of the DEFC, which implies the conformifytiee model presented.
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Table 5.26ANOVA results of the quadratic model for the respen

ant

Source Sum of | Degree of| Mean | F-value | p-value Remark
squares| freedom | square (Prob > F)
Model 311.93 9 34.66| 177.40 <0.0001 Signific
A-Ethanol 10.31 1 10.31 52.75 0.0002
concentration
B- Anode 28.50 1 28.50 | 145.88 < 0.0001
electrocatalyst
loading
C- Cell 210.33 1 210.33 1076.58 < 0.0001
temperature
AB 0.063 1 0.063 0.32 0.5893
AC 1.23 1 1.23 6.31 0.0403
BC 4.00 1 4.00 20.47 0.0027
A? 14.39 1 14.39| 73.68) <0.0001
B* 37.74 1 37.74| 193.19 <0.0001
c’ 4.87 1 4.87 24.95 0.0016
Residual 1.37 7 0.20
Lack of fit 0.99 3 0.33 3.55 0.1264 Not
significant
Pure Error 0.37 4 0.093
Correlation 313.30 16
Total
Std. Dev. 0.44
Mean 13.70
CV% 3.23
R? 0.9956
Adjusted R* | 0.9900
Predicted R | 0.9474
Adeq. 41.556
Precision

Besides, the p-values for linear terms (A, B andw@je less than 0.05, indicating the

benchmark impact of these variables on power deriEite p-value of interaction terms

(AC, BC) was less than the significance level £ 0.05), showing the interactive
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influence of these parameters on power densitgohirast, the p-value of the interaction
effect of AB (p = 0.5893)vas higher than the significant level£ 0.05). The p-values

0.05 for all quadratic terms ¢AB? and &) showed that a curved line appears to follow
the relationship between each variable and the poeesity. In the regression models,
the F-values of significant terms A, B and C arer52145.88 and 1076.58, respectively.
The influence of the three factors on the respaesethe power density of a DEFC are: C

> B > A, and the influence of the interaction terans: BC > AC > AB.

According to these results, the quadratic regressidel equation in terms of coded
parameters, which relates to dependent variablgsralependent variables and could be
used to estimate the maximum power density of tB#@©, is illustrated by Equation

(5.12).

Power DensityY) = 15.47 + 1.14A + 1.89B + 5.13C — 0.12AB + 0.56 A 1.00BC —

1.85A2 —2.99F + 1.08C (5.12)

Where A, B, and C are the coded terms for the tlmdependent test variables i.e.,
ethanol concentration, electrocatalyst loading, aoderating cell temperature,
respectively. A positive sign before the term inuitpn (5.12), suggests that the term
effect favors the response, while a negative siglicates an antagonistic effect on the
response i.e., power density. The positive coeffitvalues of the terms A, B, C, AC, BC
and G have a positive impact on the response value,eas $n Equation (5.12).
However, the binary interaction of AB and the quaidrterms A and B have a negative
effect on the power density of DEFC. The predigiesver density values as responses

using Equation (5.12)ere also presented in Table (5.24).
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The relationship between the experimental and tedigted power density (response)
values of the DEFC is indicated in Fig (5.41). 3t seen from Fig (5.41) that the
experimental results (point) have been found clésgehe RSM based model predicted
results (line). The value at each power densitytisirepresented in different colors. Red
color, for example, represents the highest powesitie down to blue which represents
the minimum power densityCharoen et al., 20)7Fig (5.41) also reveals that all the
points lie in the vicinity of a straight line. Fahe current model, the value of the
correlation coefficient (B for the DEFC power density is 0.9956, indicatargefficient

consistency between the RSM based predicted resmdtshe experimental ones.

Predicted vs. Actual

2% =1 Color points by value of

Power density:

21.8
75

18.256 —

14.50 —

Predicted

10.758 —

7.00 —

| | | | |
7.48 11.06 14.64 18.22 21.80

Actual

Figure 5.41Response surface plot of the model predicted veastusl power density of
DEFC.

The plot of residuals versus predicted power dgngdlues (Fig 5.42) shows the

predictive accuracy of the model. Studentized re=sdare randomly scattered on the
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display indicating that the constant range of neslsl across the graph and no single
residual value being examined stands out from thgix red line (greater than +3 or less
than —-3). Each residual value point fluctuateshshjgover the x-axis and confirms the

assumptions of constant variance. It can be ndiadthe model and experiment findings

have been considered satisfactory.
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Figure 5.42Response surface plot of the residuals versus nprddicted power density
of DEFC.

5.3.2 Effect of ethanol concentration
Fig (5.43a) and Fig (5.43bgpresent the two-dimensional (2D) contour plot dmree-
dimensional (3D) response surface to illustrate dffect of ethanol concentration and

electrocatalyst loading on the power density abp@rating temperature of 79.48 °C. At

Indian Institute of Technology (BHU), Varanasi 221005 230



Chapter 5 Results and Discussion

the same loading of electrocatalysts, increasiegctincentration of ethanol from 1 to 3
M, the peak power density is experiencing a rigregd, reaching the peak point and then
falling. The power density was first observed tor@ase as ethanol concentration and
electrocatalyst loading increased to a certain tp@nd then began to decrease with
further increase in ethanol concentration and eleatalyst loading. The optimum
conditions resulting in the highest power density/set in the circular region. In addition,
the change in color from blue to red representddrigesponse values. A high ethanol
concentration gradient (greater than 2 M) resuttsaifaster and more fuel ethanol

crossover through the membrane on the cathode side.

Power density Power density (mW/cm?)

218
7.5

C: Temp. =79.48 °C

125 —

Prediction 221047

B: Electrocatalyst loading (mg/cm?)

| |
1.00 150 2.00 250 3.00

A: Ethanol concentration (M)

Figure 5.43aTwo-dimensional contour plot showing the effectetiianol concentration,
anode electrocatalyst loading and their mutualrattgon on the power density at an
operating temperature of 79.48 ° C.
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Figure 5.43b Three-dimensional response plot showing the effett ethanol

concentration, anode electrocatalyst loading amdr timutual interaction on the power
density at an operating temperature of 79.48 ° C.

The cross ethanol fuel through the polymer membrasalts in a mixed potential and
electrocatalyst poisoning of the cathodRragmanik and Basu, 2007, Alzate et al., 2011
and Charoen et al., 20L7This results in a decrease in cell voltage arslgaificant
reduction in power density. It was observed thatamby the concentration of ethanol but
also the loading of electrocatalysts had a sigaifianfluence on the power density of

DEFC.

5.3.3 Effect of operating cell temperature
Fig (5.44a) and Fig (5.44b) depicts the two-dimenai (2D) contour plot and three-

dimensional (3D) response surface to explain thgimmam power density as a function
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of operating temperature and ethanol concentraioa constant anode electrocatalyst
loading of 1.14 mg/cffor DEFC. Considering the same concentration bamol, it is
seen that the maximum power density increasesfisignily as the operating temperature
rises from 40 °C to 80 °C. It has been consistdtft esearch by Charoen et al., (2017),
Pramanik and Basu, (2007), Song et al., (2005) Alzdte et al., (2011). Improved
performance of DEFC is mainly due to acceleratetttedde reaction kinetics of both
ethanol electrooxidation at the anode and oxygesctre-reduction at the cathode

according to the Arrhenius equati@@haroen et al., 2017).

_ Power density (mW/cm?)
Power density [Prediction 221047 |

21.8
80.00
7.5

B: Electrocatalyst
loading = 1.14 (mg/cm?)

70.00

50.00

C: Temperature (°C)

50.00

40.00
1.00 1.50 2.00 250 3.00

A: Ethanol concentration (M)

Figure 5.44aTwo-dimensional contour plot showing the effecbperating temperature,
ethanol concentration and their mutual interaction the power density at an

electrocatalyst loading of 1.14 mg/ém
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Figure 5.44b Three-dimensional response plot showing the effett operating
temperature, ethanol concentration and their mutietaction on the power density at an
electrocatalyst loading of 1.14 mg/ém

In addition, the higher cell operating temperatn@eases the proton conductivity of the
Nafion® membrane and Nafinionomer in the electrocatalyst layers and thuseiases
the amount of H (proton) traveling through the membrar@houdhary and Pramanik,
2019, Song et al., 2005 and Heysiattalab et all12@n the other hand, the Naffdn
membrane had a high degree of swelling at elevapedating temperature and a higher
ethanol concentration, resulting in severe ethagrolssover through the polymeric
membrane. The higher temperature causes the erpawisihe polymer backbone of the
Nafion® membrane due to the softening of the fluorinatesirc As a result, fuel loss on
the anode side and cross fuel on the cathode sraatexed potential that reduces overall

efficiency. Thus, the power density decreases #jigit a high ethanol concentratiai.
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can be seen from Fig (5.44a) and Fig (5.44b) thatmaximum power density of DEFC

was significantly affected by the operating cethperature and ethanol concentrations.

5.3.4 Effect of electrocatalyst loading at the an@electrode

Fig (5.45a) and Fig (5.45phows the two-dimensional (2D) contour plot andedhr
dimensional (3D) response surface plot to explaneffect of electrocatalyst loading and
operating temperature on the power density of DBE&n ethanol concentration of 2.03
M. With regard to the same operating temperatures evident that the power density

increases as electrocatalyst loading of the anodeease from 0.5 mg/dmo 1.14

mg/cnf.

Power density (mW/cm?)
Power density [ Prediction 221047 |

21.8 80.00
7.5

A: Ethanol concentration
=203M

70.00

6000 149556

C: Temperature (°C)

50.00

40.00
0.50 075 1.00 125 1.50

B: Electrocatalyst
loading (mg/cm?)

Figure 5.45aTwo-dimensional contour plot showing the effecetdctrocatalyst loading,

operating temperature and their mutual interacbanthe power density at an ethanol
concentration of 2.03 M.
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Figure 5.45b Three-dimensional response plot showing the eftdcelectrocatalyst
loading, operating temperature and their mutuaratdtion on the power density at an
ethanol concentration of 2.03 M.

However, a further increase in the electrocatalgsiding power density begins to

decrease. The reason for the reduction in powesityeof DEFC of anode loading at 1.5
mg/cnt can be attributed to electrocatalyst particle agglration/compaction in a limited

space and an increase in electrode thickness. rébidts in a decrease in the active
electrocatalyst sites per unit area and the pgrosit the electrode catalyst layer
(Pramanik and Basu, 2007 and Panjiara and Prama@20a). As a result, the mass
transfer resistance to the diffusion of ethanolmfraghe bulk phase to the active
electrocatalyst layer is increased. It could bendeem Fig (5.45a) and Fig (5.45b) that
the operating temperature has a greater effecthenrésponse (power density) than

electrocatalyst loading at the anode.
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5.3.5 Verification of the model

The research is conducted to optimize the operatiogditions of DEFC such as

concentration of ethanol, anode electrocatalystlitmpand operating temperature. The
objective is to maximize the power density of DEFe optimum parameters are
obtained for the maximum power density of DEFC I8MRDesign — Expert 7.0 is shown

in Fig (5.46). Optimum conditions of DEFC resulteda maximum power density of

22.10 mW/crf at an ethanol concentration of 2.03 M, an eleatalyst anode loading of

1.14 mg/cri and an operating temperature of 79.48 °C (Tal#@)5.

Perturbation

23 — C

19 | Optimum point

A: Ethanol cocentration =2.03 M
B: Electrocatalyst loading = 1.14 mg/cm?
C: Temperature = 79.48 °C

15 —

Power density (mW/cm?)

1 —

-1.967 -1.230 -0.492 0.245 0.983

Deviation from reference point (Coded units)

Figure 5.46Optimum point detection for the maximum power dgnef DEFC from the
perturbation curve.
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In order to verify the predicted optimum resultstbé model, three new confirmation
experiments under suggested optimal conditions warged out with the same DEFC
set-up and the results are shown in Fig (5.47) &able (5.27). The difference in
maximum power density was a 2.58 % error between ptedicted model and the
experimental values. Such an error is within areptable range of 5 % and confirms that

the predicted model is sufficiently accurate wittiie 95 % prediction interval.
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Figure 5.47Polarization curves of three repeated confirmattssts.
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Table 5.27Developed quadratic model validation.

Ethanol | Electro- | Operating Power density Error
conc. catalyst | cell temp. (mWicnf) (%)
(M) loading (°C) Model | Exp.1| Exp.2| Exp.3 Avg.
(mg/cnd) predicted
2.03 1.14 79.48 22.10 22.20 21.27 2112 2153 2.58

Conc.: Concentration, Temp.: Temperature, Exp. eirpent and Avg.: Average value.

Indian Institute of Technology (BHU), Varanasi 221005

239



