Open Access Journal
www.jese-online.org

a ISSN: 1847-9286

Journal of Electrochemical Science
and Engineering

J. Electrochem. Sci. Eng. 9(4) 2019, 223-323

« /N
AL AL

PUBLISHING






J. Electrochem. Sci. Eng. 9(4) (2019) 223-230; http://dx.doi.org/10.5599/jese.689

JESE

Open Access: ISSN 1847-9286
www.jESE-online.org

Original scientific paper

Formation and reduction of anodic film on polycrystalline Bi
electrode in pure methanol solutions

Anastos G. Anastopoulos” and Athanasios A. Papaderakis

Laboratory of Physical Chemistry, Department of Chemistry Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece

Corresponding author: “anasto@chem.auth.gr

Received: April 2, 2019; Revised: May 4, 2019; Accepted: May 20, 2019

Abstract

The processes of film formation and reduction of bismuth in pure methanol are
phenomenologically studied by means of cyclic voltammetry, ac voltammetry and
electrochemical impedance spectroscopy methods. Film formation takes place under low
electrode potentials within the potential range from -0.1 to about 0.2 V vs. Ag/AgCl
resulting in the development of Bi(CH30).q4s layer. The scan rate effect on the anodic
current profile is interpreted in terms of a gradual variation of uncompensated resistance,
accompanying the processes of film formation and reduction. Phase sensitive ac
voltammetry measurements suggest leaky insulating character of a thin anodic film in
agreement with the results of electrochemical impedance experiments.
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Introduction

Electrochemical studies have confirmed that in pure methanol solutions methoxy anions,
resulting from the solvent self-dissociation, interact with various electrode materials viz. Cu, Ni, Zn,
Fe Ti, Si and the valve metal Al. This interaction leads to the formation of anodic surface films of the
general type M-(CHs30),, where M is the electrode material and n depends on the dissolution
reaction of the electrode material and the specific reaction of film formation [1-3]. It is surprising
that up to now, there is nothing reported in the literature about the electrochemical study of
another valve metal Bi in pure methanol solutions. On the contrary, long-lasting systematic
electrochemical research has been devoted to the system Bi/H20. In aqueous solutions, Bi;Os3 is
anodically formed on Bi surface by diffusion and field assisted migration of Bi** ions through the film
under the influence of the so-called high field mechanism [4], resulting in both thickening and
spreading of oxide islets. The cathodic reduction of Bi,Os [5] involves development of a metallic Bi
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film at the oxide/electrolyte interface, which is extended towards the interior of Bi,O3 layer. Two
possible reduction mechanisms are usually suggested, the first involving electron transfer in the film
and reduction at the film/solution interface and the second one, involving ion transfer in the film
and reduction at the metal/film interface [6]. BiO3 oxide can be completely reduced by
electrochemical means. Bi.O3 anodic oxide films present electrical rectification by acting as
insulators under anodic potentials and conductors under cathodic ones, respectively [7,8]. Another
important feature of Bi,Os layers is their photoconductivity in the visible region. Bi»Os layers present
photocurrents of n- and p-type, thus being characterized as amphoteric semiconductors. The query
as to whether Bi/CH3sOH system possesses similar or different properties than Bi/H,0 has motivated
us to get involved in the present work.

Experimental

Electrodes and Chemicals

A polycrystalline Bi rod (Alfa Aesar, 99.99 %) embedded in a glass cylinder, sealed by suitable
adhesive and covered with thermoplastic tube to leave a free disk shaped surface of 8 mm diameter
at its end, was used as a working electrode. Pt foil auxiliary electrode and Ag|AgCl reference
electrode saturated with aqueous KCI, both placed in a single compartment of double walled
electrochemical cell kept at 298 K, were used in all measurements.

0.1 M LiCIO4 in methanol is used as the base solution in all measurements.

The working electrode was mechanically polished by emery paper of decreasing grain size. After
that it was set for several minutes in an ultrasonic bath containing distilled water. Then it was
washed with the working solution and transferred rapidly to the electrochemical cell.

The chemical reagents used without further purification are anhydrous LiClO4 (Aldrich 99.99 %)
and methanol (Lab-Scan, purity >99 %, maximum water content 0.05 %).

Methods and Instrumentation

Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) measurements were
carried out by Autolab PGSTAT302N electrochemical system connected to a PC running the Autolab
software.

Bi electrode activation was proved necessary to improve the reproducibility of all electrochemical
measurements. Therefore, Bi electrode was activated by cyclic voltammetry, scanning the potential
from -1.6 to 0.2 V and back to -1.6 V vs. Ag|AgCl with a rate of 0.025 V s, EIS measurements were
carried out within the frequency range of 10 kHz to 0.1 Hz with 4 mV ac signal amplitude at selected
dc potentials. The reproducibility of all electrochemical impedance measurements was checked by
the comparison of three successive measurements at the same potential. The linearity-stability
conditions for EIS measurements were checked by the Kramers-Kronig test incorporated in the
AUTOLAB software. By this procedure, the sum of squares of differences (chi-square) between
measured and calculated complex impedance values, i.e. real and imaginary impedance values were
found to be of the order of 102 in all systems studied within the frequency range from 10 kHz to
0.5 Hz. At frequencies below 0.5 Hz some EIS measurements were omitted because the
corresponding chi-square values were found not better than 10. Phase selective ac voltammetric
measurements were carried out by an experimental setup [9] comprising a lock-in amplifier (model
SR830 from Stanford Research) and a potentiostat (model Potentioscan Wenking POS73 from Bank
Elektronik), interfaced to a PC running LabVIEW 6.1. Negative dc potential scan was applied in steps
of 25 mV from 0.20 to -1.60 V vs. Ag|AgCl. Each measurement was taken after 10 s of stopover at
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each potential. The amplitude and the frequency of the ac signal were set to 4 mV and 80 Hz
respectively. The standard deviation between at least three successive measurements, expressed
on a percent basis, was found equal to about 5 %.

Results and discussion

Cyclic voltammetry

The cyclic voltammetry response of a polycrystalline Bi electrode in pure methanol solution of
0.1M LiClO4, obtained with an electrode potential scan rate ranging from 0.025 to 0.4 V/s is shown
in Figure 1.

6.0 +

anodic peaks

&)
. 035  -030  -025 020  -015
<EE E /V vs. Ag|AgCI
~—
~

cathodic peaks

-0.85 -0.80 075 070 0,65
E /V vs. Ag|AgCI

-6.0 : : . : . : . : .
1.5 -1.0 -0.5 0.0 0.5
E/V vs. Ag|AgCl

Figure 1. Cyclic voltammetry curves of Bi in methanol solution of 0.1 M LiClO,at various scan
rates: (1) 0.025, (2) 0.05, (3) 0.10, (4) 0.20, (5) 0.40 V/s. Insets: Anodic and cathodic peak
currents vs. corresponding peak current potentials.

During the anodic scan, the characteristic features of voltammetry curves are the following:
At potentials positive to -0.40 V vs. Ag| AgCl, the anodic current increases leading to a single anodic
current peak, which depending on the scan rate is located within the potential range (-0.25+0.07) V
vs. Ag|AgCl. This peak marks the formation of initial nuclei of the anodic film. The absence of
multiple anodic peaks indicates that successive layers are not developed. At potentials positive to
the anodic peaks, the current vs. potential dependence presents a narrow and ill-defined plateau
which tends to a new increase of anodic current at electrode potentials, £20.20 V vs. Ag|AgCl. This
current increase is presumed to be related to the methanol oxidation on Bi, the exact mechanism
of which is neither known nor the subject of the present work. However, it can be reasonably
assumed that £ = 0.20 V vs. Ag|AgCl is the positive limit of anodic film formation in the neutral
methanol solution of 0.1 M LiClOs. During the cathodic scan, the characteristic features of
voltammetric curves are the following: The single cathodic current peak observed at
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(-0.75%0.07) V vs. Ag|AgCl is presumed to be related to the reduction process of the anodically
developed film. At potentials negative to -1.40 V vs. Ag|AgCl, however, the hydrogen evolution
manifests itself by increase of the cathodic current.

The observed single anodic and cathodic peaks suggest that formation and reduction processes
of the anodic film in the case of the system Bi/CH3OH represent one step reactions. At potentials
from about -0.1 Vto 0.2 V vs. Ag|AgCl, where ill-defined anodic plateau of the curves of Figure 1 is
observed, anodic films of Bi in methanol are developed. Although the decomposition of methanol
is a rather complicated process resulting in various ionic species of the general type CHxO [1], the
process of its self-dissociation can be simply described as:

2CH30H ¢> CH30" + CH30H,* (1)

Combination with the simple picture of voltammetric curves of Figure 1, suggests that the process
of anodic film formation of bismuth in pure methanol is presumably its surface methoxylation. At
low positive and negative electrode potentials CH30" ions are electrosorbed on the Bi surface, which
undergoes a single step anodic dissolution, as deduced by the single anodic peak. Formation of Bi*
is, similarly to that suggested for Al [1], carried out according to the reaction:

Bi — Bi*+e (2)

Presumably, a thin film of the form Bi(CH30)aq4s is developed on the bare metal Bi. Single anodic
peaks also suggest that Bi* is the final dissolution product and that further dissolution of bismuth is
not detected in pure methanol. Therefore, the anodic film formation of Bi in pure methanol can be
described by means of the following one-electron reaction [1]:

Bi*+ CH30" — Bi(CH30)ags + € (3)

Correspondingly, during the cathodic scan, the reduction of Bi(CH30).s film is reasonably
expected to take place by means of the inverse reaction (3).

According to the literature [10-13], a mechanistic interpretation of the nucleation and thickening
of anodic films can be formulated by means of the relation between the anodic current profile and
the electrode potential scan rate. In Figure 1 we see that with increasing the scan rate, peak currents
increase, and anodic peaks shift to more positive potentials, while cathodic peaks shift to more
negative ones. Peak potential and peak current values are linearly dependent on the square root of
the scan rate as indirectly indicated by linear j peak vs. E peak plots shown in the insets of Figure 1.
Such linear dependencies involving peak currents and peak potentials were already reported [14]
for Bi;O3 anodic film developed on Bi surface in aqueous solutions. The formation and reduction
mechanisms of Bi,0Os include the occurrence of a solid state diffusion process [13,14] operating only
in the case of thick films developed under high positive electrode potentials. This would not be the
case for the thin anodic layer Bi(CH30).qs formed in pure methanol. In this case the linear
dependence of E peak and j peak values on the square root of scan rate may be the result of a
gradual variation of uncompensated resistance, accompanying the film formation and reduction
according to the so called passivation model of Miiller, where the process of film formation is under
the control of ohmic resistance [10].

Phase selective ac voltammetry

Information about the structural characteristics of an electrochemical interface can be also
acquired from differential capacitance measurements.

However, over the whole potential range studied from 0.2 to -1.6 V vs. Ag|AgCl, the interface
between the polycrystalline Bi electrode and methanol solution may be not identified with the
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model of ideal capacitor, because at the extremes of this range Bi/methanol interface is not ideally
polarizable. It must also be indicatively recalled that capacitance studies of single crystal Bi
electrodes in LiClO4 containing methanol solution performed by Estonian electrochemists [15], were
carried out at electrode potentials ranging from -0.4 to -1.4 V vs. SCE leaving outside the potentials
where film formation and hydrogen evolution occur. In this respect, it is useful to look at the
structural characteristics of Bi/CH3OH interface by means of the phase selective ac voltammetry
technique in terms of the potential dependence of the out of phase ac current, joo, decoupled from
the in phase jo component. joovs. E curves are typically free from faradaic contributions and describe
the potential dependence of the resident interfacial charge, providing thus a picture of the structural
condition of the interface. In Figure 2, joo vs. E dependence clearly shows potential regions where
the anodic film is present and those where it is absent.

52 -

23

45 40 05 00
E/V vs. Ag|AgCI

Figure 2. Electrode potential, E, dependence of out of phase current, js, at polycrystalline Bi
electrode in 0.1 M LiCIO4 methanolic solution.

At potentials positive to -0.50 V vs. Ag|AgCl where the anodic film is present, joo values show a
weak potential dependence. According to the literature [16], potential independent capacitance
may be expected for insulating films having thicknesses of about (1.5+0.5)x107cm. Thus, the weak
potential dependence of joo current values shown in Figure 2 may be considered as an indication for
the presence of a leaky insulating film prior than passive or semiconductive layer of oxide nature.

The minimum of jogvs. E curve in Figure 2 falls into the same potential range as cathodic peaks of
cyclic voltammetric curves shown in Figure 1. Therefore, it may be assumed that the potential
dependence of joo from about -0.50 V to -0.85 V vs. Ag|AgCl represents a transition from the
Bi(CH30)ads covered electrode to the bare metal Bi.

Electrochemical impedance spectroscopy

The elucidation of processes involved in the formation and reduction of Bi(CH30)ads surface film
can be further assisted by electrochemical impedance measurements, carried out at selected
electrode potentials. As shown in Figure 3, all Nyquist plots obtained at the vicinity of the anodic
and cathodic peaksi.e. at-0.4 V and -0.68 V and also at -1.4 V vs. Ag| AgCl where hydrogen evolution
is presumed, exhibit the form of flattened semicircles.
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-7" vs. Z' plots of Figure 3 can be approximated by the Randles circuit of the type Rs(RctQui)
according to the circuit description code of Boukamp [17]. This circuit incorporates solution and
charge transfer resistances (Rs and Rct) and the parameter Qqi of the constant phase element which
resembles the contribution of double layer capacitance to the overall impedance.

0-¢ . T T T T T
0 2 4, 6
Z' kQ cm

Figure 3. Nyquist plots of Bi in methanol solution of 0.1 M LiClO., at various electrode
potentials in V vs. Ag|AgCl: A\ -0.4, 0 -0.68, O -1.4. Inset: Bode phase diagrams at the same
potentials. Lines represent simulated responses fitted to experimental points.

The corresponding Bode phase diagrams shown in the inset of Figure 3 clearly show a single RC
time constant, with phase angles hardly approaching -60°. This is characteristic of a significant devi-
ation from pure capacitive behavior, thus justifying the use of constant phase element instead of con-
ventional capacitor. The results of circuit fitting to -Z”” vs. Z’ data of Figure 3 are provided in Table 1.

Table 1. Results of CNLS fitting of circuit Rs(Rct Qui) to -Z” vs Z’ data

E/V vs. Ag|AgCl Rs/Q cm? Rt / kQ cm? Qai/ Qlcm2s" n X
-0.40 55.5 8.8 0.54 10* 0.75 0.085
-0.68 52.9 6.0 0.3510* 0.78 0.072
-1.40 54.7 2.1 0.63 10* 0.83 0.067

The calculated values of Rs and Qg are weakly dependent on electrode potential. The decrease
of Rt with increasing negative potential from -0.40 to -0.68 V vs. Ag|AgCl denotes the acceleration
of the inversed reaction (3). This is not the case of the even lower value of Rt at -1.4 V vs. Ag|AgCl
because at this potential the more probable reaction is hydrogen evolution. The values of CPE
exponent, n, point up to the significant deviation from the model of ideal capacitance.

The validity of R(RQ) circuit suggests the occurrence of reactions with a single electron transfer
step as reaction (3) and its reverse.

Within the potential range -0.1 V to 0.2 V vs. Ag|AgCl, where the anodic film Bi(CH30)aqs is
present, Nyquist plots obtained at various electrode potentials do not show noticeable features.

However, at these potentials Bode phase diagrams shown by the inset of Figure 4 reveal two
partially overlapping time constants. This is the most clearly seen in the Bode plot measured at
E =0.15V vs. Ag|AgCl, showing a deep at the frequency of 6.87 Hz.
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Figure 4. Bode phase diagram of Bi in methanol solution of 0.1 M LiClO4, at E=0.15 V vs.
Ag|AgCl. Insets: Nyquist and Bode plots at potentials o - 0.05, m - 0.10 and V - 0.15 V.
Lines are fitting results of R(Q[R(RQ)]) equivalent circuit to experimental points.

Among several equivalent circuits already used for the EIS study of anodic oxides, the circuit
Rs(Qai[Rct(Rad Qad)]) shown in Figure 5, which has been suggested for the description of charge
transfer process in the presence of adsorbed species [18], was applied.

The results obtained after fitting the circuit in Figure 5 to experimental impedance plots in
Figure 4, are presented in Table 2.

Table 2. Results of CNLS fitting of circuit Rs(Qai[Rct(Rad Qud)]) to -2 vs. Z’ data

E/Vvs. Ag|AgCl Rs/Qcm? Ra/kQcm? Qu/Qlem?2s" R/ kQem? Qua/ Qlecm?s™ ng N X2

-0.05 52.3 5.9 0.9310* 28.6 0.86 10" 0.78 0.62 0.081
-0.10 52.5 7.4 0.67 10* 23.8 0.61 10* 0.890 0.75 0.088
-0.15 53.2 5.6 0.65 10* 18.9 0.49 10* 0.79 0.74 0.090
Qi
RS
i VAVATAY Q

R ad

N

\ / |

YATAYAY R,

YAYAYAY

Figure 5. Electrical equivalent circuit used to fit impedance spectrum at potentials: 0.05, 0.10
and 0.15 V vs. Ag|AgCl. Rs = solution resistance, R.:= charge transfer resistance,
Rag= anodic film resistance. Q.0 and Qq are parameters of constant phase elements
corresponding to the anodic film Bi(CHs0).qs and Bi/solution interface.

In view of the Bode plots of Figure 4 and the circuit of Figure 5, one of the two time constants
may be related to the presence of Bi(CH30)ags film by means of anodic film resistance and the other
to the electron transfer associated with reactions (2) and (3) by means of charge transfer resistance.
The results of Table 2 reveal a high value of film resistance Raq in agreement with the predicted leaky
insulating character of the Bi(CH30)ads layer. As expected, R« values are lower and of similar
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magnitude with those of Table 1. The values of CPE exponents, ngiand nag again point up to the
significant deviation of both capacitor responses from that of ideal capacitance.

Conclusions

The process of anodic film formation of bismuth in pure methanol is identified with its surface
methoxylation. A single step dissolution of Bi surface to Bi* is suggested. Voltammetric results
suggest that anodic film formation takes place within a narrow zone of low electrode potentials
ranging from -0.1 V to 0.2 V vs. Ag|AgCl, by adsorption of —CH30" groups, resulting in Bi(CH30)aqs
film. Weak potential dependence of the out of phase ac current within the above potential range
suggests that this film is of leaky insulating character, which is also confirmed by the relatively high
value of film resistance resulting from circuit fitting to EIS measurements.

References

[1] J. Banas, B. Stypula, K. Banas, J. Swiatowska-Mrowiecka, M. Starowicz, U. Lelek-Borkowska, Journal
of Solid State Electrochemistry 13 (2009) 1669-1679.
[2] J. Swiatowska-Mrowiecka, J. Banas, Electrochimica Acta 50 (2005) 1829-1840.
[3] A.Papaderakis, A.G. Anastopoulos, S. Sotiropoulos, Journal of Electroanalytical Chemistry 783 (2016)
217-225.
[4] J. W. Schultze, M. M. Lohrengel, Electrochimica Acta 45 (2000) 2499-2513 .
[5] D.E. Williams, G. A. Wright, Electrochimica Acta 22 (1977) 505-508.
[6] B.V.Tilak, R.S. Perkins, H. A. Kozlowska, B.E.Conway, Electrochimica Acta 17 (1972) 1447-1469.
[71 M. Metikos-Hukovi¢, Electrochimica Acta 26 (1981) 989-1000.
[8] M. Metikos-Hukovié, Z. Grubac, The Journal of Physical Chemistry B 102 (1998) 7406-7412.
[9] A. Bozatzidis, A.G. Anastopoulos, T. Laopoulos, Electroanalysis 19 (2007) 1711-1718.
[10] A.)J. Calandra, N. R. de Tacconi, R. Pereiro, A.J. Arvia, Electrochimica Acta 19 (1974) 901-905.
[11] S. Kapusta, N. Hackerman, Electrochimica Acta 25 (1980) 949-955.
[12] M. Seruga, M. Metiko$-Hukovi¢, Journal of Electroanalytical Chemistry 334 (1992) 223-240.
[13] Z. Grubac, M. Metikos-Hukovi¢, Electrochimica Acta 43 (1998) 3175-3181.
[14] D.E. Williams, G. A. Wright, Electrochimica Acta 21 (1976) 1009-1019.
[15] K. Lust, M. Vaartnou, E. Lust, Electrochimica Acta 45 (2000) 3543-3554.
[16] U.Stimming, ). W. Schultze, Berichte der Bunsengesellschaft fiir physikalische Chemie 80 (1976) 1297-
1302.
[17] B. A. Boukamp, Solid State lonics 18-19 (1986) 136-140.
[18] A. Lasia, Electrochemical Impedance Spectroscopy and its Applications, Springer, New York, USA,
2014.

©2019 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons. org/licenses/by/4.0/)

230 (co) X


http://creativecommons.org/licenses/by/4.0/)

J. Electrochem. Sci. Eng. 9(4) (2019) 231-242; http.//dx.doi.org/10.5599/jese.650

j
Open Access: ISSN 1847-9286
www.jESE-online.org

Original scientific paper

Simultaneous determination of trace levels of Cd(ll) and Pb(ll) in
tap water samples by anodic stripping voltammetry with
2-mercaptobenzothiazole modified electrode

Sophy Phlay!, Weena Aemaeg Tapachai?, Supunnee Duangthong?,

Puchong Worattananurak® and Pipat Chooto®"*

1Analytical Chemistry Division, Department of Chemistry, Faculty of Science, Prince of Songkla
University, Hatyai, Songkhla, 90112, Thailand

2Inorganic Chemistry Division, Department of Chemistry, Faculty of Science, Prince of Songkla
University, Hatyai, Songkhla, 90112, Thailand

Corresponding author: “'pipat.c@psu.ac.th

Received: December 12, 2018; Revised: May 7, 2019; Accepted: May 9, 2019

Abstract

Glassy carbon electrode (GCE) modified by 2-mercaptobenzothiazole (MBT), mesoporous
silica (Meso) and bismuth was developed to determine Cd(ll) and Pb(ll) simultaneously by
square wave anodic stripping voltammetry (SWASV). In-situ preparation was found to work
best in optimum conditions of acetate buffer pH 6, accumulation potential of -1.1V,
deposition time of 300 s and scan rate of 200 mV/s. SW peaks revealed the linear range of
5-50 ug/L Cd(ll) and 5-50 ug/L Pb(ll). LOD and LOQ for Cd(ll) and Pb(ll) were determined as
0.56, 0.80, 1.87 and 2.66 ug/L, respectively. The interaction of metals with bismuth and
MBT, as well as higher surface area due to mesoporous silica, support beneficial
performance of the modified electrode. Insignificant interferences from other regularly
present metal ions were found. With SRM1640 standard, the SWASV results are found
comparable to those obtained by inductive coupled plasma optical emission spectrometry
(ICP-OES). The method was used to analyze the metals in tap water by standard addition
method with the satisfactory recovery of 100.7 % for Cd(ll) and 100.8 % for Pb(ll).

Keywords
Modified electrodes; 2-mercaptobenzothiazole; Square wave anodic stripping voltammetry

Introduction

Among heavy metals with high potential in contamination of water for daily consumptions are
Cd(ll) and Pb(ll). At present, the contamination problems from both metals are still found in a
number of areas all over the world. The main source of Cd(ll) is from discarded batteries, whereas
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Pb(Il) can contaminate water via dyes, paints, pipes and solders. It has been known that these metals
can occur together and cause more damage especially to the brain [1,2]. The limits set by USEPA are
0.005 mg/L for Cd(Il) and 0.015 mg/L for Pb(ll) [3]. The techniques which are cost-effective, fast,
simple and sensitive are therefore required in testing water samples. Even though there are a
number of possibilities, a reference technique that can be applied for simultaneous determination
of Pb(ll) and Cd(ll) in problematic areas around the world is still a matter of challenge. Traditional
methods with high sensitivity have usually been used in laboratory conditions for the detection of
Pb(ll) and Cd(ll), such as UV—vis spectrophotometry [4], fluorescence method [5], ion-selective
electrode [6], graphite furnace atomic absorption spectrometry [7], atomic emission spectroscopy
[8,9] and inductively coupled plasma mass spectrometry [10]. However, these techniques have the
drawbacks of being time-consuming, complex, expensive and not suitable for onsite analysis.

With electrode modification by organic compounds, polymers and nanomaterials,
electrochemical methods, especially anodic stripping voltammetry (ASV), can provide some
advantages including speed, accuracy, sensitivity, selectivity, reproducibility and stability [11]. Boron
doped diamond electrode (BDD) [12] was found to work well with Pb(ll) and its modification with 4-
aminomethyl benzoic acid provided figures of merits for Cd(ll) analysis [13]. For simultaneous
determination of Cd(ll) and Pb(ll), the most widely investigated is the use of bismuth which forms
alloys with both metals [14,15]. Satisfactory LOD values were especially obtained when Bi was
coupled with various materials such as carbon nanotubes in order to facilitate formation of larger
surface areas. A variety of compounds such as graphene [16], Co304 [17], polymers [18,19] and
crown ether [20,21] were also found to be successful in pre-concentrating both metal ions. Organic
ligands with electron rich atoms including phytic acid oxygen [22,23], phenolic oxygen and nitrogen
[24], cysteine sulfur [25,26] and lysine nitrogen [27] were found to implement better analytical
performances for simultaneous determination of Cd(ll) and Pb(ll). MBT is an alternative ligand
containing nitrogen and sulfur [28] which was used in the extraction of both metals before analysis
by flame atomic absorption spectroscopy (FAAS) [29], as a biosensor for pesticides [30] and in
forming polymeric structure to accommodate more complexing sites [31].

This paper reports an investigation of using MBT modified electrode for the first time to analyze
Pb(ll) and Cd(Il) simultaneously by an ASV technique. The method is optimized, verified and then
applied to the real samples.

EXPERIMENTAL

Reagents and samples

All reagents were used as received without any further treatment. Cd(Il) and Pb(Il) standards
were prepared in-house from their nitrate salts as an atomic spectroscopy standard solution.
Tetrabutylammonium hexafluorophosphate with the purity of > 98.0 % and bismuth (lll) nitrate
pentahydrate were obtained from Fluka, whereas 2-mercaptobenzothiazole and mesoporous silica
were from Sigma-Aldrich. Other reagents and metal salts for interference studies were of the
highest purity commercially available. All subsequent solutions were prepared with deionized water
(resistivity not less than 18 MQ cm, ELGA water purification system, England) and purged by
nitrogen gas (99.99 %) for 2 min before use. Laboratory glassware was cleaned with 10 % (v/v) nitric
acid solution and then rinsed with deionized water. Cd(ll) and Pb(Il) standard solutions were
prepared by diluting the respective stock solutions with the high purity deionized water and stored
in polyethylene bottles before use.
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NIST (National Institute of Standards and Technology) SRM 1640 composed of natural fresh water
from Clear Creek, Colorado USA, was used as a reference with the certified value of 22.79 £ 0.96 pg/L
Cd(ll) and 27.89 +0.14 pg/L Pb(ll).

Tap water samples were collected in different spots within the city of Hatyai, Songkhla, Thailand,
digested by mixing the aliquot of 500 mL with 2 mL of concentrated HNO3s and 2 mL of KNOs, put in
cleaned polyethylene bottles and kept at 4 °C before analysis.

Instrumentation

A Powerlab 2/20 with Potentiostat (ADInstrument, Australia) and EChem software was used for
cyclic voltammetry (CV) and square wave anodic stripping voltammetry (SWASV), whereas Metrohm
AUTOLAB PGSTAT 302N with NOVA software was used for EIS measurements. An Ag/AgCl, 3 M KCI
reference electrode (Metrohm), a platinum counter electrode (Metrohm) and a modified glassy
carbon electrode (Windsor Scientific Ltd., UK) with an inner diameter of 3 mm put in 50 mL cell were
used for electrochemical measurements. All voltages were reported versus Ag/AgCl reference
electrode. pH was measured by pH meter Model 510 (Eutech Instruments, USA) and inductively
coupled plasma optical emission spectrometer (ICP-OES) Optima 4300 DV (Perkin-Elmer, USA) was
used for the comparison of methods.

Preparation of modified electrode and starting procedure

The modified electrodes with different compositions and different orders of mixing were tested
to select the one with the best sensitivity enhancement. Differential pulse (DP) and square wave
(SW) results, as well as electrodes modified by in-situ and ex-situ Bi deposition were also compared.
The following starting procedure was designed for further optimization:

Three electrodes were put in 50 mL cell containing 50 mL of 0.1 M acetate buffer pH 6. Then,
0.1 pg/L Cd(Il) and Pb(ll), 200 pg/L Bi(lll), 1000 mg/L Meso and 1000 mg/L MBT were added into
solution. The metals were then deposited under the initial conditions of -1.4 V for 300 s with stirring.
After the equilibration time of 30 s, SWASV potential was scanned from -1.0 to -0.2 V with the scan
rate of 250 mV/s, frequency of 50 Hz, amplitude of 75 mV and potential step of 160 mV to obtain
the stripping current signals for analysis. Optimization was conducted by varying a number of
parameters (vide infra) for the best analytical performance to be used in real sample analysis.

Results and discussion

Electrode modification and voltammograms of Cd(ll) and Pb(ll)

A number of modification experiments has been conducted to figure out the most suitable
materials and methods. Ex-situ Bi deposition was found to result in a lower current value and
unsymmetrical peak shape. As shown in Figure 1, the best sensitivity was obtained for in-situ
modified GCE in the order of Bi + Meso + MBT. The results reflect the role of Meso in increasing
surface areas and sites, and role of Bi and MBT in alloy forming and complexation, respectively.
Within the potential range of -1.0 to -0.2 V applied after the starting procedure, two well defined
stripping peaks at Bi + Meso + MBT modified electrode were observed at -0.72 V for Cd(ll)
and -0.58 V for Pb(ll), and the enhancement of stripping currents can be clearly seen for both metal
ions. This kind of electrode modification was therefore used for further optimization, verification
and analysis.
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Figure 1. Comparison of stripping currents of 0.1 mg/L Cd(ll) and Pb(ll) at differently modified electrodes in
conditions of 0.1 M acetate buffer pH 6, deposition potential -1.4 V, deposition time 300 s, equilibration
time 30 s and concentrations of Meso 1000 mg/L, MBT 1000 mg/L and Bi 0.2 mg/L.

CV and EIS for electrode characterizations

Figure 2 shows the cyclic voltammetry (CV) results of differently modified GCEs in acetate buffer
solution containing Ru(NHs)e>* (a) and Fe(CN)s* (b). It is clear that each modification step of GCE
supports the electron transfer well for both inner and outer spheres by maintaining reversibility and
increasing the current.
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Figure 2. Cyclic voltammetry for bare GCE, Bi/GCE, Meso-Bi/GCE and Bi-Meso-MBT/GCE, with scan
rate 100 mV/s in 0.1 M acetate buffer containing 2.5 mM Ru(NH3)s** (a) and Fe(CN)s* (b).
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The electron transfer capacities of modified electrodes were characterized by electrochemical im-
pedance spectroscopy (EIS). Less curvature in an impedance spectrum is well known to represent less
resistance to electron transfer. Therefore, Figure 3 reveals that addition of each modifying agent faci-
litates the electron transfer exhibiting less resistance, and the effect is highest after addition of MBT.
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Figure 3. Impedance spectra of the bare GCE, Bi/GCE, Bi-Meso/GCE, Bi-Meso-MBT/GCE.

Optimization
Comparison of SWASV and DPASV

SWASV and DPASV parameters are summarized in Table 1. Comparison of corresponding
stripping currents is presented in Figure 4, showing higher current enhancement in the case of
SWASV. Hence, SWASV technique is selected for the following experiments.

Table 1. SWASV and DPASV parameters

Parameter SWASV DPASV
Accumulation step
Deposition potential -1000 mV -1000 mVv
Deposition time 400 s 800 s
Equilibration time 30s 30s
Measuring Step
Frequency 50 Hz -
Step potential 160 mV 100 mV
Amplitude 75 mV 75 mVv

12 4

1.0 cd(i)

54 Pb(1)

< |
2 o6
0.4 SWasv
0.2
| DPASV
0.0
- 1I -0.8 0 6 04 -0,I2
E/V

Figure 4. Comparison of stripping currents of 0.1 mg/L Cd(ll) and Pb(ll) from SWASV and DPASV.
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Effect of pH

Within the experimental pH range of 1 to 7, the maximum peak current for both metals was
obtained at pH 6 as shown in Figure 5(a) and this value was used for the next investigations. pH 6 is
suitable for the formation of sulfide anions of MBT to form complexes with metal ions corresponding
with pKa of 6.93 [32]. If pH is lower than 6, protonation causes the formation of sulfhydryl groups
which make complex formation more difficult. At pH higher than 6, the metals are probably
susceptible to form hydroxides.

Deposition potential

The influence of deposition potentials was investigated over the potential range of -0.1 to
-1.5 V. As shown in Figure 5(b), the current firstly increased steeply up to -1.1 V and then became
almost constant. This is due to the greater extent of metal accumulation until the potential was high
enough for deposition of both metals. Beyond -1.4 V, the current started to drop, possibly because
greater thickness slows down the mass transfer and higher negative potential is susceptible to side
reactions. The highest current for both metals is found at -1.1 V which was fixed for metal
electrodeposition for the following study.

Deposition time

The deposition time was varied from 100 to 500 s. As shown in Figure 5(c), the current values
gradually increased with time up to 300 s because greater accumulation of bismuth facilitated
formation of alloys until surface saturation was reached. However, the current dropped before it
went up again, reflecting that certain time is needed for alloy rearrangement. The highest peak
current was found at 300 s and this was used for further optimizations and applications.

Effect of Bi concentration

The concentration of Bi was varied from 100 to 500 pg/L. Figure 5(d) reveals firstly a normal trend
of increasing current which is due to the increase of film thickness and then the current decreased
because greater thickness can inhibit the mass transfer during the stripping step [33]. The
concentration of 200 pug/L provided the greatest peak current for both metals and was therefore
selected for the following experiments.

Effect of Meso concentration

As shown in Figure 5(e), similar trend is obtained when Meso concentrations were changed from
100 to 600 pg/L. Similar to previous explanation of the effect of Bi concentration, the excess of Meso
can result in less current due to the obstruction of mass transfer. The concentration of 300 ug/L
showing the greatest current was chosen for further investigations.

Effect of MBT concentration

As shown in Figure 5(f), within the studied range of 100 to 600 pg/L, the stripping current increased
with MBT concentration up to 100 pg/L and then decreased for both metals. This is due to the fact
that high concentration of MBT could block the mass transfer of metal ions at electrodeposition sites.
The MBT concentration of 200 pg/L was therefore selected for further experiments.

Scan rate

The stripping scan rate was changed from 50 to 300 mV/s. The stripping peak height was found
to increase with the scan rate from 50 to 250 mV/s as shown in Figure 6. Under the criteria of peak
shapes, 250 mV/s is chosen for the further study.

For equilibration time, step potential and pulse amplitude, the optimization value based on the
greater current was selected.
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Figure 5. Effects of pH (a), deposition potential (b), deposition time (c), Bi concentration (d), Meso
concentration (e) and MBT concentration (f) on stripping peak currents of 20 ug/L Cd(Il) and Pb(ll).

All aforementioned optimized parameters are summarized in Table 2 and used in further
experiments.
Table 2. Summary of optimized operating conditions

Parameter Studied Range Optimum Value
Deposition potential, V -0.1--15 -1.1
Deposition time, s 100 -500 300
pH 3-7 6
Bi concentration, pg/L 100 - 500 200
MBT concentration, pg/L 100 - 600 200
Meso concentration, pug/L 100 - 600 300
Equilibration time, s 10-50 30
Step potential, mV 1-20 5
Pulse amplitude, mV 25-80 75
Scan rate, mV /s 50-300 250
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Figure 6. Effect of scan rate on stripping currents for concentrations of Pb(ll) and Cd(ll)
0.1 mg/L, Bi 200 ug/L, MBT 200 ug/L, Meso 300 ug/L.

Analytical performance

SWASV was used for simultaneous determination of Cd(ll) and Pb(ll) with the modified electrode
Bi-Meso-MBT/GCE performed under optimized conditions to obtain current signals. The results for
certain typical concentrations of Cd(ll) and Pb(ll) are shown in Figure 7 and the corresponding cali-
bration curves are presented in Figure 8. The linearity in the range of 5-50 pg/L is observed for both
metals with the correlation coefficient of 0.9978 for Cd(ll) and 0.9960 for Pb(ll), respectively. The
linear regression equations of i, = 0.0142x + 0.0372 (ip: pA, x: ug/L) for Cd(ll) and i, =0.0113x - 0.0699
for Pb(ll) are defined. The limits of detection are found to be 0.56 pg/L for Cd(ll) and 0.80 pg/L for
Pb(ll) by 3N/m, where N is the standard deviation of replicate (n=10) responses of 5 pg/L of both
metals taken as blank and m is the slope of the calibration curve. The limits of quantification, LOQ,
defined as 10 N/m, are determined as 1.87 ug/L for Cd(ll) and 1.66 pg/L for Pb(ll). The relative
standard deviations were 2.97 % for Cd(ll) and 2.04 % for Pb(Il) with repetitive determinations
(n=10) of 20.0 ug/L. All prove that the proposed method is satisfactorily reproducible and reliable
for simultaneous determination of Cd(Il) and Pb(ll) at trace level and can be applied to real samples.

® cd(i)

Pb(ll)

30

50 pg/L
25

20

t/pA

15
10 pg/L

10

1.2 1 0.8 0.6 0.4 -0.2 0
E/V
Figure 7. Typical SWASV voltammograms of water samples after spiking with 5 (as a blank) to
50 ng/L of both Cd(ll) and Pb(ll) standard solutions. Conditions: accumulation potential -1.1V,
accumulation time 300 s, acetate buffer solution pH 6, and scan rate 250 mV/s.
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Figure 8. Calibration curves for Cd(ll) and Pb(ll) obtained by the proposed method.

Effect of other ions

Due to the capability of MBT to coordinate with a number of metal ions, the level of interference
both from each other and other metal ions was investigated by the developed method under
optimized conditions and the results are shown in Table 3. With the increase of Pb(ll) concentration,
no significant interference was observed for Cd(ll) peak current. Other ions including Ca(ll), Mg(ll),
Zn(I1), Mn(l1), Fe(ll), Cu(ll) and Al(Il1) at 1000 pg/L were found to provide not high contributions for
both metals. The most interfering ions here if present at high concentration are Cu(ll) and Co(ll)
which normally can be masked by using a suitable and effective complexing agent such as
ferrocyanide before analysis.

Table 3. Interference study of the stripping current measurements of 20 ug/L Cd(ll) and Pb(ll) at
Bi/Meso-MBT/GCE in the absence and presence of interfering metal ions

Interference Contribution, % (I, (Cd(Il)) = 100 %) Contribution, % (I, (Pb(Il)) = 100 %)

Cu(ll) -47.17 -21.78
Zn(1l) -16.68 -13.44
Mg(I1) 37.49 14.98
Ca(ll) 0.48 -3.68
Al(I11) 2.34 -7.63

Mn(l1) 13.36 0.65

Co(ll) -34.68 -40.14
Fe(Il) 5.29 7.51

Ni(I1) -4.37 -5.87

aContribution = [(/, with interferent - [, without interferent) / I, without interferent] X 100

Certified reference material determination, method comparison and real sample analysis

The proposed method was applied to a certified reference material, natural water SRM 1640
from the National Institute of Standards and Technology (NIST), USA. As shown in Table 4,
satisfactory recoveries, of 98.02 % for Cd(ll) and 97.74 % for Pb(ll) were obtained.

The proposed method was then used in the analysis of Cd(ll) and Pb(ll) in tap water samples
collected from 11 sites in Hatyai city. Typical results of 5™ and 6% regions are compared with ICP-
OES results and summarized in Table 5, reflecting good agreement between here proposed and
standard methods.
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Table 4. Recovery of Cd(ll) and Pb(ll) for certified reference material determination

Concentration, pg/L

9 0

Certified Determined? Error, % Recovery, %

cd(ln) P11 cd(ll) Ph() cd()  Pb()  cd()  Pbll)
s +

22.79¢0.96  27.89+0.14  22-34%0.010  27.2620.005 o, 5,0 o905 g7.74

(RSD =2.97 %)

(RSD = 2.04 %)

@ Mean =% Standard deviation (n = 5)

Table 5. Determination of Cd(ll) and Pb(ll)in tap water samples (n = 4)

Concentration

Concentration from the

Recovery, %

Concentration from

Difference, %

Sample of spiked proposed method, pg/L° ICP-OES, ug/L®
solution, ug/L ~ cd() Pb(Il) cd(l)  Pb(ll) cd(ll) Pb(Il) cd()  Pb(ll)
0 ND¢ ND - - ND ND ND ND
Tap 5 5.11+0.003 5.12+0.005 - - 5.10+0.1 5.30+0.12 1.00 3.45
Water 52 10 10.19+0.010 10.20+0.007 100.8 100.8 10.15+0.12 10.50+0.20 0.4 2.9
20 20.40+0.012 20.35+0.010 101.4 101.1 20.35+0.021 20.50+0.25 0.25 0.7
30 30.50+0.022 30.47+0.016 101.3 101.2 30.40%+0.023 30.60+0.19 0.33 0.42
0 ND ND - - ND ND ND ND
Tap 5 5.16+0.004 5.15+0.006 - - 5.10£0.02 5.03+0.400 1.17 2.36
Water 6° 10 10.23+0.006 10.22+0.01 100.7 100.7 10.11+0.100 10.5+#0.120 1.18 2.70
20 20.36£0.012 20.33+0.01 101 100.9 20.01+0.002 20.04+0.05 0.15 0.14
30 30.5+£0.012 30.40+0.01 101.1 100.8 30.40+0.020 30.20+0.06 0.32 0.66

aWater sample from 5™ and 6% regions were selected for standard addition test; "Mean =% Standard deviation (n = 4);

°Not detected; “Difference of the concentration from the proposed method and that from ICP-OES

For real sample analysis with water from the 1%t, 5" and 6% regions used as typical samples, the
recoveries values were found to be 100.7-101.4 % for Cd(Il) and 100.8-101.2 % for Pb(ll) as shown

in Table 6.
Table 6. Recovery test for the proposed method using tap water samples (n = 3)
Sample Concentration of spiked solution, pg/L Concentration found, pg/L Recovery, %

cd(ln) Pb(Il) Cd(ll)  Pb(ll)

0 ND ND - -

Tap water 5 5.15+0.07 5.19+0.067 - -
1%t region 10 10.23+0.002 10.25+0.008 100.8 100.6
20 20.31+0.015 20.27¢0.011 100.8 100.4
30 30.35+0.011 30.36+0.015 100.4 100.5

0 ND ND - -

5 5.11+0.003 5.1240.005 - -
E?hpr‘;";f;r 10 10.19+0.01  10.20:0.007 100.8 100.8
20 20.40+0.012 20.35+0.010 101.4 101.1
30 30.50+0.022 30.47+0.016 101.3 101.2

0 ND ND - -

Tap water 5 5.16+0.004 5.15+0.006 - -
6™ region 10 10.23+0.006 10.22+0.01 100.7 100.7
20 20.36+0.012 20.33+0.01 101.0 100.9
30 30.50+0.012 30.40+0.01 101.1 100.8

Mean £ S.D. (n = 3); ND: Not detected

As shown in Table 7, the results obtained with here proposed method are comparable with the
results obtained by other anodic stripping voltammetric based methods. It is clear, however, that
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here proposed method has the advantage of wider linear range, lower detection limits and greater
simplicity. The only disadvantage could be a little longer deposition time, which can be adjusted
according to the required accuracy. Other very recent methods without using bismuth are also
included (Entry 1-6) as references to show that here proposed method is reasonably satisfactory.

Table 7. Comparison of the proposed method for determination of Cd(ll) and Pb(ll) in water sample with
other recent anodic stripping voltammetric methods

. Linear range of
Deposition .
. concentration, pg/L

time, s cd(ll) Pb(I)  cd(ll) Pb(ll)
1 HMgFe-EDG/G SWASV 180 112-207 11.2-207 122 0304 [34]
2 ST PANI NTs SWASV 600  0.207-24.84 1.12-19.04 002 003  [35]
3 CA/RGO/GCE SWASV 1500  0.0207-2.07 0.112—13.44 0.004 0.002  [36]
4 Nafion/CLS/PGR/GCE SWASV 140  10.35-1035 5.60-560 2.06 0.336 [37]
5
6
7

LOD, pg/L

Entry Electrodes Method Ref

GO/k-Car/L-Cys/GCE ~ SWASV 120 1.03-10.35 0.56-5.60 0.12 0.12 [38]

NCQDs-GO DPASV 300 10.35-20.7 0.112-11200 1.16 7.4 [39]
In situ Bi/Graphite/Epoxy SWASV 120 41.4-352 56 -280 14.5 5.60 [40]

8 Bi-Meso-MBT/GCE SWASV 300 5-50 5-50 0.56 0.80 This work
HMgFe-EDH/G: Hierarchical MgFe-layered double hydroxide microsphere graphene composite
ST PANI NTs: Size-tunable polyaniline nanotube-modified electrode
CA/RGO/GCE: calixarene functionalized reduced graphene oxide
CLS/PGR: calcium lignosulphonate functionalized porous graphene nanocomposite
GO/k-Car/L-Cys/GCE: graphene oxide k-carrageenan L-cysteine nanocomposite
NCQDs-GO: N-doped carbon quantum dots graphene oxide hybrid
In situ Bi/Graphite/Epoxy: in situ bismuth film on graphite dispersed in epoxy resin
Bi-Meso-MBT/GCE: Bismuth mesoporous silica 2-mercaptobenzothiazole modified GCE
Conclusions

GCE was modified with Bi, Meso and MBT and applied to simultaneous determination of Cd(ll)
and Pb(ll) in trace levels, using square wave anodic stripping voltammetry (SWASV). The method
provides satisfactory advantages of speed, simplicity, sensitivity and selectivity. Good recoveries of
Cd(I1) (100.7 %) and Pb(ll) (100.8 %) were obtained for the real sample, along with LOD of 0.56 pg/L
for Cd(l1) and 0.80 pg/L for Pb(ll), respectively. The method can be used satisfactorily for the analysis
of tap water in local areas and the results were found in good agreement with those obtained by
ICP-OES.
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Abstract

In this work, NiCo,04 nanoparticles with enhanced supercapacitive performance have been
successfully synthesized via a facile sol-gel method and subsequent calcination in air. The
morphology and composition of as-prepared samples were characterized using scanning
electron microscopy (SEM), transmission electron microscope (TEM), X-ray diffraction
(XRD), and Raman spectroscopy (Raman). The electrochemical performances of NiCo;04
nanoparticles as supercapacitor electrode materials were evaluated by cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD) tests in 3 mol L' KOH aqueous solution. The
results show that as-prepared NiCo,04 nanoparticles have diameters of about 20-30 nm
with uniform distribution. There are some interspaces between nanoparticles observed,
which could increase the effective contact area with the electrolyte and provide fast path
for the insertion and extraction of electrolyte ions. The electrochemical tests show that the
prepared NiCo;04 nanoparticles for supercapacitors exhibit excellent electrochemical
performance with high specific capacitance and good cycle stability. The specific
capacitance of NiCo04 electrode has been found as high as 1080, 800, 651, and 574 F g™*
at current densities of 1, 4, 7, and 10 A g%, respectively. Notably, the capacitance retention
rate (compared with 1 A g) is up to 74.1 %, 60.3 %, and 53.1 % at current densities of 4, 7,
and 10 A g, respectively. After 100 cycles, higher capacitance retention rate is also
achieved. Therefore, the results indicate that NiCo,O4 material is the potential electrode
material for supercapacitors.
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Introduction

Due to the rapid growth of global economy, depletion of fossil fuels and increasing environmental
pollution, the search for “green” and renewable energy resources is one of the most urgent
challenges facing us today. As one of the most promising energy storage devices, supercapacitors,
also known as electrochemical capacitors or capacitors, are widely used in emergency power
systems, hybrid electric vehicles, consumer electronics, industrial power systems, smart grids,
aerospace, etc. This is due to their superior performances, such as high power density, nearly infinite
cycle life, wide temperature range and high coulomb efficiency [1]. According to different storage
mechanisms, supercapacitors are divided into two types [2]: electric double-layer capacitors (EDLCs)
based on charge storage mechanisms at the electrode/electrolyte interface, and pseudocapacitors
based on additional reversible redox reaction(s) of electrode materials. The electroactive materials
of EDLCs are usually carbon-based materials [3] (such as activated carbon (AC), carbon nanotubes,
carbon aerogels (CA), graphene, etc.), while the electrode materials of pseudocapacitors are mainly
transition metal oxides and conductive polymers (such as RuO;[4], NiO [5], Co304[6], MnO;[7], CeOx
[8], NiCo204[9], PreO11@Ni-Co [10], NiMoO4 [11], polyaniline [12], polypyrrole [13], etc.).

Pseudocapacitors can provide much higher specific capacitance than EDLCs by using reversible
Faraday reactions on the electrode surface. Supercapacitor devices are composed of four parts:
electrode materials (positive and negative), electrolyte, separator and shell, among which electrode
materials play the key role in their performance. Unfortunately, the defects of electrode materials,
such as low specific capacitance of carbon-based materials, poor electrochemical stability of
conductive polymers, and poor electronic conductivity of transition metal oxides, seriously impede
practical applications of supercapacitors [14]. Among pseudocapacitive materials, RuO2, having
specific capacity as high as 1580 F g1 [15], is the most prominent electrode material for application
in supercapacitors. However, the high cost and environmental toxicity hinder its extensive
commercial application. Therefore, great efforts have been devoted to search cheap alternative
materials with good capacitive characteristics similar to RuO;, and especially those electrode
materials with multiple oxidation states and high electronic conductivity.

In recent years, binary metal oxide/hydroxides have shown much better electronic conductivity
and higher electrochemical activity than single component oxides/hydroxides [16], making them
one of the most promising electrode materials for supercapacitors. As one of the binary metal
oxides, NiCo,0a4 is generally considered as a mixed valence oxide with pure spinel structure, in which
nickel occupies octahedral sites and cobalt distributes in octahedral and tetrahedral sites [17]. The
solid phase redox couples of NiZ*/Ni3* and Co?*/Co3* in this structure, present better electrocatalytic
activity than single NiO and Cos304, the conductivity that is at least twice higher than for NiO and
Co304, and capacitive performance comparable with the noble metal oxide RuO;. Therefore,
NiCo,04 has attracted considerable attention in energy conversion/storage systems due to its
excellent electrochemical properties, rich redox reactions involving different ions, complex chemical
components and synergistic effects. Hence, NiCo,04 with ultra-high specific capacitance could be an
alternative pseudocapacitive material to RuO;. Currently, the spinel NiCo,04 has been widely used
in supercapacitors and lithium ion batteries, as electrocatalysts and magnetic materials, in
photodetectors, ferrofluid technology, etc.[14,18].

Based on the pseudocapacitor mechanism, a golden way to improve the redox kinetics is to
create nanostructured electrode materials with large surface area for redox reaction and short
transport paths for ions and electrons. Therefore, the development of polymetallic oxide
supercapacitor materials with special micro-nano structure and morphology is of great practical
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significance and challenge. Thus far, various NiCo,0s materials with different morphologies and
nanostructures, such as nanowires [19], nanorods [20], urchin-like hollow microspheres [21],
nanotubes [22], nanoneedles [23], nanosheets [24], etc., have been synthesized by various
methods, including the sol-gel method [25], coprecipitation method [26], electrodeposition method
[27], microwave method [28], and hydrothermal method [29]. In recent years, the ultracapacitors
of NiCo;04 have been studied [17,30]. However, due to the high calcination temperature, high
crystallinity and low electrochemical activity, the specific capacitance of NiCo204 is low. Therefore,
the development of pure NiCo,04 by sol-gel technology is considered as a simple, cheap and low
energy consumption method for the preparation of mixed metal oxides, which can produce
homogeneous multi-component metal oxide materials with high purity, small grain size, large
specific surface area, and good electrical conductivity.

In this work, we demonstrate use of a simple sol-gel method followed by calcination at moderate
temperature of 350 °C, to prepare NiCo,0s nanoparticles with unique characteristics. Some
techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman
spectroscopy (Raman), cyclic voltammetry (CV), and galvanostatic charge/discharge (GCD) methods
were used to characterize the samples. The results show that the as-synthesized NiC0204
nanoparticles exhibit high specific capacitance, superior high-rate capability and long-life cycling
stability. This is due to its small particle size, low crystallinity and high active materials utilization.
Moreover, NiCo,04 material benefits from multiple oxidation states/structures which contribute by
both nickel and cobalt ions. These results indicate that the as-prepared NiCo,04 nanoparticles have
the potential application in development of high performance supercapacitors.

Experimental

Synthesis of NiCo,04nanoparticles

All reagents were of analytical level and used without further purification. Figure 1 presents the
schematic diagram of the fabrication process of NiCo,04 nanoparticles.
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i

o
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Figure 1. Schematic diagram of NiCo,04 nanoparticles preparation

Firstly, 0.77 mmol of Ni(NOs3)2:6H20 and 1.54 mmol of CoCl,-6H,0 were dissolved in 2.5 mL
ethanol by ultrasonic treatment for 5 min, and then 0.025 g hexadecyl trimethyl ammonium
bromide (CTAB) and 2.0 g propylene oxide were added to the dispersion and followed by stirring for
8 h at 25 °C. After reaction, the gel product was collected and cleaned by deionised water and
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ethanol and dried at 60 °C for 12 h. Finally, the light green powder of the precursor was calcined in
air atmosphere at 350 °C for 3 h in a muffle furnace to obtain the final NiCo,04 nanoparticles.

Structure characterization

The morphologies and structures of the as-prepared NiCo;04 nanoparticles were characterized
by field emission scanning electron microscopy (SEM, JEOL JEM-7001F, Japan), transmission
electron microscope (TEM, JEOL, JEM-700, Japan) and X-ray diffraction (XRD, D8 ADVANCE, Bruker
Corporation). The composition and microstructure of the samples was performed on a Raman
spectrometer (Raman, HORIBA, LABRAM HR800).

Electrode preparation and electrochemical measurements

The circular nickel foam with a diameter of 14 mm used as the working electrode current
collector was firstly ultrasonicated for 10 min in 1 mol L™* HCI solution, and then rinsed twice with
acetone, ethanol and deionized water, respectively. Then, the cleaned nickel foam was put into a
vacuum drying oven and dried at 60 °C for 12 h. The working electrode was prepared as follows.
Firstly, the active material sample, carbon black and polyvinylidene fluoride (PVDF) were mixed with
a mass ratio of 75:15:10 in an appropriate amount of N-methyl-2-pyrrolidone (NMP). The obtained
mixture was ground to form the slurry, which was evenly coated on the surface of the treated nickel
foam and dried at 60 °C for 8 h. The three-electrode system was used to determine the
electrochemical performance of the working electrode. A platinum slice (2 x 2 cm) and Hg/HgO
electrode were used as the counter and reference electrode, respectively. All measurements were
performed in 3 mol L' KOH aqueous solution. The sample electrode was tested by using CHI 660E
electrochemical workstation (Shanghai Chenhualnstrument co., LTD.) in a three-port H-type cell for
cyclic voltammetry (CV) and constant current charge-discharge (GCD) test. The scanning rates of CV
tests were 2, 5, 10, 15 and 20 mV s performed in the voltage scope of 0-0.5 V. GCD experiments
were carried out in the potential range of 0-0.5 V with current densities of 1, 4, 7 and 10 A g7,
respectively. The specific capacitance (Cm, F g*) values were calculated from charge-discharge
curves according to the following equation (1):

C At
C =—= ! (1)
m mAu

In Eqg. (1), i(A), m (g), At (s) and Au (V) represent discharge current, mass of active electrode
material, total discharge time and potential window, respectively.

Results and discussion

Structural characterization

The surface morphologies of NiCo,0s4 samples were investigated by SEM with different
magnifications. As shown in Figure 2, the sample is composed of many regular and disordered
nanoparticles with a diameter of about 20-30 nm. Obviously, there are some loosely packed porous
structures between the nanoparticles, with the size ranging from tens to hundreds of nanometers.
This porous structure and interaction space between NiCo,04 nanoparticles is beneficial for
improving the specific surface area by enhancing the transport facility of ions, shortening the
pathway of electron migration, maintaining the chemical stability during redox reactions, and
improving the electrochemical performance. Therefore, as obtained NiCo,04 nanomaterial is a
promising candidate electrode material for supercapacitors.
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Figure 2. SEM images of as-obtained NiCo,04 nanoparticles at different magnifications:
a- x30000; b - x50000; ¢ - x60000; d - x80000.
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The detailed morphology, size and microstructure of the obtained NiCo204 nanoparticles were
further examined by TEM. As shown in Figure 3(a) and (b), numerous nanoparticles are loosely
packed together. In addition, Figure 3(c) and (d) show TEM magnification images of an individual
diamond-like NiCo204 nanoparticles with a size of about 20-30 nm, in which the diamond-like
structure contains a large number of nanopores. This unique porous structure will increase the
contact area between the electrode and the electrolyte, which in turn will improve the electron and
ion transport, improving thus electrochemical performance of the electrode [31].

The purity and crystal structure of the nickel foam substrate and as-prepared NiCo,04 sample
were determined by X-ray diffraction, and the corresponding XRD patterns are shown in Figure 4. It
is found that all peaks located at 2 &=44.51, 51.85 and 76.37 ° can be perfectly indexed to (111),
(200) and (220) planes of the nickel foam substrate (JCPDS 04-0850), respectively. The major
diffraction peaks at 26= 31.15, 36.70, 44.62, 59.09 and 64.98° of NiCo,04 (JCPDS No. 20-0781)
correspond to the (220), (311), (400), (511) and (440) crystal planes, respectively [32]. It can be
observed that all peaks in the pattern corroborate well with the standard pattern of face-centered
cubic spinel NiCo204 with a space group of Fd3m. No excrescent peaks are detectable, indicating
that the pure NiCo204 phase was successfully obtained. Moreover, broad and weak diffraction peaks
indicate that NiCo,04 exhibited inferior crystallinity and nanocrystallinity, which are favorable for
NiCo204 nanoparticles to exhibit better capacitive performance [25].

To further evaluate the phase formation and structural features of the prepared NiCo04
nanoparticles, Raman spectroscopy was performed with a typical spectral range of 150-750 cm™,
and the typical Raman spectrum of the sample is shown in Figure 5.
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Figure 3. TEM images of as-obtained NiCo,0,4 nanoparticles at different magnifications
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Figure 4. XRD patterns of the nickel foam substrate and as-prepared NiCo04 nanoparticles

248 eo) SN



Y. Zhanga et al. J. Electrochem. Sci. Eng. 9(4) (2019) 243-253

50

A1g

45

Intensity, a.u.

15

10 | L | L | L | L | L |
200 300 400 500 600 700

Raman shift, cm™

Figure 5. Raman spectrum of the as-prepared NiCo,04 nanoparticles

The stretching vibration peaks observed at ~182.2, ~469.1, and ~661.1 cm™ correspond to Fyg, Eg
and A1z modes of NiCo,04 respectively, confirming its single-phase formation of spinel structure. The
observed mode of the phonon is attributed to the vibration of Co-O and Ni-O, respectively [33].
Moreover, NiCo204 samples show only Co-O and Ni-O vibrations, indicating that the precursors of
nickel and cobalt were completely decomposed at 350 °C, what is consistent with the literature [34]
and implies that pure NiCo,04 was formed after calcination. These results are well consistent with the
XRD results, which further confirm the formation of NiCo,04 nanoparticles.

Electrochemical characterization

The electrochemical capacitive performance of the as-prepared NiCo,04 sample was evaluated
by CV measurements using a three-electrode system. Figure 6 shows CVs recorded for NiCo,04
nanoparticles in 3 mol L'* KOH aqueous electrolyte. The potential was scanned between 0 and 0.5 V
at scanning rates of 2, 5, 10, 15 and 20 mVs?, respectively. A pair of redox peaks can be detected in
each voltammogram, indicating that the electrode capacitance is mainly based on the redox
mechanism related to reversible redox reactions of Ni?*/Ni3* and Co3*/Co*, associated with anions
OH" [35]. As can be seen from CV curves in Figure 6, the anodic peak potential at around ~0.48 V
and cathodic peak potential at ~0.36 V are noticed at the scan rate of 2 mVs™, which is close to the
literature value. Moreover, when the scanning rate increased from 5 to 20 mVs, the position of the
anodic peak shifts slightly from 0.48 to 0.50 V, indicating that the electrode material resistance is
relatively low and electrochemical reversibility is good [18].

To further estimate the supercapacitive performance of the as-prepared NiCo,04 nanoparticles,
GCD measurements were carried out within the potential range from 0 to 0.5 V at current densities
of 1,4, 7 and 10 A g}, respectively. As shown in Figure 7, the charge-discharge curves are non-linear
with an obvious plateau at around 0.45 V and 0.39 V. This is well consistent with CV results and
further verifies the pseudocapacitive behavior and good reversibility of the redox process at NiCo204
electrode [18].
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Figure 6. CV curves of as-prepared NiCo,0, electrode in a three-electrode system scanned
between 0 and 0.5 V at various scan rates
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Figure 7. GCD curves of as-prepared NiCo,0, electrode at various current densities between 0 and 0.5 V

Based on the discharge curves, the specific capacitances of the as-prepared NiCo,04 electrode
were calculated according to Eq. (1), and the results are illustrated in Figure 8. Specific capacitances
of as-prepared NiCo204 are as high as 1080, 800, 651 and 574 F g* at discharge current densities of
1, 4, 7 and 10 A g?, respectively. Compared with the current density of 1 A g?, the retained
capacitances were still 74.1, 60.3 and 53.1 %, even the current density was increased to 4, 7 and 10
A g1, what suggests good retention rate performance. The excellent electrochemical properties of
NiCo204 nanoparticles can be attributed to the small particle size, which will increase the contact
area of electrolyte/electrode, thus providing more active sites for rapid redox reactions which
undoubtedly contributes to the high capacitance [35]. Besides, the nanoporous structure between
the particles also allows the electrolyte ions to be transported quickly into the bulk materials, what
further enhances the electrode rate capability.
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Figure 8. Specific capacitance of as-prepared NiCo,0, electrode as a function of discharge current density
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The cycling stability of the as-prepared NiCo,04 electrode in 3 mol L'* KOH aqueous electrolyte
was examined by applying 100 cycles within the potential range of 0-0.5 V at current densities of 4,
7 and 10 A g1, and the results are shown in Figure 9. During the cycling, the specific capacitance of
the as-prepared NiCo,04 electrode remained almost unchanged at all current densities. The initial
discharge specific capacitance of NiCo,04 electrode is 800, 651 and 574 F g! at the current density
of 4,7 and 10 A g}, respectively. After 100 cycles, the specific capacitance decreases to 758, 597 and
521 F g1, showing that the corresponding specific capacitance retention rates were 94.8, 91.7 and
90.8 % and indicating that NiCo,04 electrode has good electrochemical stability. Better cyclic
stability can be attributed to the unique pore structure, which can be used as the “release zone” of
ions and internal nanogrids that buffers possible volume changes due to OH  ions
insertion/extraction process during cycling, improving thus its structural stability.
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Figure 9. Cyclic stability of as-prepared NiCo,0, electrode at various discharge current densities
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Conclusion

By using Ni(NOs3),:6H,0 and CoCl,-6H,0 as raw materials, a promising electrode material, NiCo204
nanoparticles, were synthesized successfully via the sol-gel process followed by calcining at 350 °C.
In the unique structure of synthesized nanoparticles, there are obvious porous structures formed
among large number of nanoparticles, which provide an effective way for rapid reversible reaction,
improving thus electrochemical properties of NiCo,04 material. Electrochemical characterization
showed high specific capacitance, good rate capability and good cycling stability of the prepared
NiCo204 nanomaterial. High specific capacitance of 1080 F g'* was achieved at the current density of
1 A g, while specific capacitances of 800, 651 and 574 F g'lwere obtained at the discharge current
densities of 4, 7 and 10 A g}, respectively. After 100 cycles, the specific capacitance decreases to
758, 597 and 521 F g1, suggesting the corresponding specific capacitance retention rates of 94.8,
91.7 and 90.8 %. The excellent electrochemical capacitive performance, low cost, simple and easy
fabrication of the as-prepared NiCo.0s4 nanoparticles render this material as the promising
electrochemical capacitor electrode material.
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Abstract

For the first time, a new method for preparation of graphene oxide-LaMnQO3 (GO-LaMnO3)
nanocomposite as a material of electrochemical sensor for simultaneous determination of
catechol (CT) and hydroquinone (HQ) is developed. LaMnQOs nanoparticles have been
characterized by Fourier-transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM) and
energy dispersive X-ray analysis (EDX) technique. Due to the excellent catalytic activity,

enhanced electrical conductivity and high surface area, the simultaneous determination
of HQ and CT with two well-defined peaks has been achieved at the GO-LaMnQO3s modified
electrode. Comparing with unmodified electrodes, the oxidation currents of HQ and CT
increased remarkably. Also, the result exhibited a great decrease in anodic overpotential

resulting in about 150 mV negative shift of potential. The catalytic peak current values are
found linearly dependent on the HQ and CT concentrations in the range of 0.5-433.3 and
0.5-460.0 uM with sensitivity of 0.0719 and 0.0712 uA uM-, respectively. The detection
limits for HQ and CT are determined as 0.06 and 0.05 uM, respectively.

Keywords
Catechol; hydroquinone; graphene oxide; LaMnOs nanoparticles; voltammetry

Introduction

Phenolic materials compounds are widely used in a broad class of industries, such as coal mining,
cosmetics, paint, pharmaceutical preparation and polymer [1]. During the manufacturing and appli-
cation process of these compounds, some of them are unintentionally released into environment,

http://dx.doi.org/10.5599/jese.634 255



http://dx.doi.org/10.5599/jese.634
http://dx.doi.org/10.5599/jese.634
http://www.jese-online.org/

J. Electrochem. Sci. Eng. 9(4) (2019) 255-267 FABRICATION OF GRAPHENE-LaMnO3 SENSOR

polluting thus ground waters and rivers. Catechol (CT) and hydroquinone (HQ) are two most important
isomers of phenolic materials which are announced as environmental contaminants by the European
Union and the US Environmental Protection Agency [2]. Simultaneous determination of HQ and CT is
very important for environmental analysis because they coexist in environmental samples as envi-
ronmental contaminants of high toxicity and too difficult to degrade [3]. CT has also been found in
cigarette smoke and researches have demonstrated that it induces damage to DNA and can cause
cancer [4,5]. Hence, it is essential to develop a sensitive, simple, rapid and cheap analytical method
for determination of dihydroxybenzene isomers. So far, many analytical methods have been reported
for their determination, such as capillary zone electrophoresis, liquid chromatography, synchronous
fluorescence, gas chromatography/mass spectrometry, chemiluminescence, and pH based-flow
injection analysis [6-12]. Electrochemical methods have some attractive advantages such as simple
and fast response, low maintenance cost, excellent selectivity and high sensitivity. However, a serious
obstacle is that the oxidation peak potentials of the isomers are too close at a bare electrode which
causes overlapping of voltammetric responses, making their discrimination very difficult [13-17]. A
chemically modified electrode is a superior approach to solve the peak separation problem by applying
a modifier [18-24]. Hence, a few modified electrodes have already been reported to determine HQ
and CT such as GCE modified by carbon nanotubes (CNT), poly-amid sulfonic acid-CNTs, graphene—
chitosan composite, carbon nanotubes/poly (3-methylthiophene), penicillamine), Zn/Al layered
double hydroxide film, or gold-graphene [25-31].

Graphene (Gr) nano sheets have a great potential for the applications in the development of
electrochemical sensors and biosensors. Gr is used as a support material to improve the
electrochemical reactivity of molecules on the surface of modified electrode, what is due to its
superior mechanical, electrical, thermal, and optical properties [32]. On the other side, its low energy
storage capacity greatly hinders its extensive use. To overcome these shortcomings, many researches
have been focused on the synthesis of graphene-based inorganic composites. Recently, the synthesis
procedures of new composites of graphene with inorganic particles, such as metal, metal oxide, metal
hydroxide, or metal sulfide particles, have been reported [33-38]. Due to presence of graphene and
inorganic particles, the fabricated electrochemical sensors display exceptional improvement in
electrical properties and functionality for different types of composites. Among inorganic particles,
perovskite nanocrystals having electrically active structure and convenient magnetic and dielectric
properties have been broadly studied and employed in the development of electrochemical gas
sensors, solid fuel cells and many of electrochemical catalytic processes [39-44].

To the best of our knowledge, no study has already been reported for the electroanalysis and
simultaneous determination of HQ and CT using GCE modified by GO-LaMnOs. For the first time, we
have described the preparation of a new, GO-LaMnOs; modified GCE for the electroanalysis and
determination of HQ and CT. In this paper, we have evaluated analytical performance of this sensor
for simultaneous determination of HQ and CT by the voltammetry technique.

Experimental

Reagents and solutions

Manganese sulphate, lanthanum chloride and oleic acid were purchased from Merck and used as
received. The HQ and CT were purchased from Sigma-Aldrich (Sigma-Aldrich, USA) and used as
received. A 1.0x1072mol L"*HQ and CT solution was prepared daily by dissolving appropriate amounts
of HQ and CT in water and the solution was diluted to 100 mL with distilled deionized water. The
solution was kept in a refrigerator in dark. More dilute solutions were prepared by serial dilution of
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phosphate buffer solutions. Phosphate buffer solution (PBS, 0.1 mol L™!) was prepared by mixing the
stock solution of 0.1 mol L™ NaH,PO4 and 0.1 mol L™* Na;HPOs, and the pH was adjusted by HCl or
NaOH. All other materials used were of analytical reagent grade and all solutions were prepared with
double distilled deionized water. All chemicals were used without additional purification.

Apparatus

FT-IR spectra were recorded as KBr disks on a JASCO FT/IR-460 PLUS instrument. X-ray powder
diffraction (XRD) analysis was conducted on a Philips analytical PC-APD X-ray diffractometer with
graphite monochromatic Cu Ke radiation (o1, A1 = 1.54056 A, @, A2 = 1.54439 A) to verify the
formation of products. Surface analysis was done using a low vacuum JSM, 6380 LV scanning
electron microscope (SEM) after coating the samples with a thin layer of gold by magnetron
sputtering. Energy-dispersive X-ray spectrometry (EDX) is a significant nondestructive analytical tool
typically applied for the chemical composition analysis. Electrochemical determinations were done
with a SAMA 500 Electroanalyser (SAMA Research Center, Iran) controlled by a personal computer.
The three-electrode electrochemical cell system consisted of glassy carbon working electrode (GCE,
modified or unmodified), a saturated calomel reference electrode (SCE) and a Pt wire electrode as
the auxiliary electrode. All electrochemical determinations were carried out under a pure nitrogen
atmosphere at room temperature.

Synthesis of perovskite nanocrystal

In order to synthesize lanthanum manganese oxide nanocrystals, manganese sulphate and
lanthanum chloride were chosen as starting materials. Solutions of manganese sulphate (10 ml,
0.1 M) and lanthanum chloride (10 ml, 0.1 M) were prepared and mixed together. Oleic acid (2 ml)
was added into the pink solution. The pH of solution was adjusted to 7-8 by dropwise addition of
NaOH (1.5 M) in the stirred solution. After complete precipitation, it was nebulized in the ultrasonic
at 60 °Cfor 30 min. The precipitate was centrifuged for 15 min at (3000 rpm), washed with deionized
distilled water and dried at 100 °C for 8 h. The achieved product was calcinated at 1100 °C for 6 h to
let the sample self-ignite and burn off the impurity organic compound in the crystal.

Electrochemical synthesis of graphene oxide

The graphene oxide nano sheets were prepared by the electrochemical functionalization of
graphite. In a typical synthesis, 10 mL 1-octyl-3-methyl-imidazolium hexafluorophosphate
(IC8mim]*[PFs]’) and 20 mL water were mixed and used as the electrolyte. A static potential of 2 V
was applied between two graphite rods (6.0 cm distance between two rods) for 2 h and then
potential increased to 6 V for 6 h. After corrosion for 6 h at room temperature, a black precipitate
of GO was obtained at the bottom of the reactor. The black precipitate was separated and washed
with ethanol and then sonicated for 30 min. The product was dried for 3 h in an oven at 70 °C.

Preparation of GCE and modified electrode

Prior to the surface modification, GCE was carefully polished with 0.3 um and 0.05 pm alumina
slurries to obtain a mirror-like surface. After sonication in water and ethanol successively for 20 s,
the electrode was rinsed with water, and then dried under an infrared lamp. The GCE/GO-LaMnOs3
was prepared by casting 4 puL of GO-LaMnOs suspension (0.01 g LaMnOs + 0.005 g GO + 50 uL
chitosan 1 % + 0.95 mL H,0) on the surface of cleaned GCE. The solvent was then evaporated under
an infrared heat lamp. As controls, GCE/GO and GCE/ LaMnOs were also fabricated with similar
procedure by replacing GO-LaMnOs hybrid materials with GO or LaMnOs, respectively.
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Results and discussion

Characterization of LaMnQOs nanocrystals

The FT-IR spectra of the pure oleic acid (a), precursor (b) and LaMnOs nanoparticles after
calcination (c) are shown in Figure 1(A). In curve (a), two sharp bands at 2925 and 2854 cm™ are
attributed to the asymmetric CH; stretch and the symmetric CH; stretch, respectively. The intense
peak at 1710 cm™ was derived from the existence of the C=0 stretch and the band at 1285 cm™
exhibits the presence of the C-O stretch. In the curve (b), the asymmetric CH; stretch and the
symmetric CH; are shifted to 2922 and 2853 cm?, respectively. The surfactant molecules in the
adsorbed state were subjected to the field of the solid surface. As a result, the characteristic bands
shifted to a lower frequency region which indicates that the hydrocarbon chains in the monolayer
surrounding the precursor are in a closed-packed, crystalline state. All these bands disappeared
when the precursor was calcinated at 800 °C, but two strong bands appear in the range of
400-600 cm* related to metal-O and O-metal-O vibration of LaMnOs perovskite (Fig. 1(A) (c)).
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Figure 1. (A) FT-IR spectra of (a) oleic acid, (b) precursor before calcination and (c) the product
after calcination, (B) XRD pattern of the product, (C) SEM image of LaMnOs (D) EDX of
nanocrystals

XRD pattern of LaMnO3s sample prepared via the ultrasonic-assisted co-precipitation process at
1100 °C is shown in Figure 1(B). For LaMnOs nanoparticles all diffraction peaks can be directly
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indexed to a hexagonal phase of LaMnOs according to the JCPDS No. 23-0484 and no additional
peaks for other impurities can be detected, indicating high purity of prepared sample. Furthermore,
the narrow sharp peaks suggest that LaMnOs nanoparticles are well crystallized. The size
distribution of LaMnO3s nanoparticles has been estimated from the XRD spectra using the Debye—
Scherrer equation [45]:

K
© PBcosd

where D is the crystallite size, K is the so-called shape factor which usually takes a value about 0.9,
A is the wavelength of radiation, fis the corrected full width at half maximum (FWHM), and @is
diffraction angle. The crystallite size of LaMnOs was estimated as 54 nm at 1100 °C. The
morphologies of LaMnOs nanoparticles were studied by SEM. As can be seen from Figure 1(C),
LaMnOs crystal is made from spherical particles with average size of 56 nm. The purity of the
nanocrystalline product was evaluated by EDX (Figure 1(D)), which showed that the sample was
merely composed of La and Mn.

Characterization of GO and GO-LaMnO3 nanocomposite

TEM image shown in Figure 2A proves the formation of very thin GO. The flake-like GO shows a
very stable nature under irradiation of electron beam. Very thin and featureless sections are likely to
be few layers of GO, suggesting that the electrochemical method is slight, but strong enough to break
down the van der Waals interaction and make GO layers by fractional exfoliation of the graphite
surface. As expected, TEM image of GO-LaMnOs presented in Figure 2B shows well dispersed
combinations of LaMnOs nanoparticles on GO when LaMnOs and GO are mixed together, which may
cause many conducting channels between the electrode and electrolyte for electron transfer.

Figure 2. TEM image of (A) GO and (B) GO-LaMnOs.

Voltammetric behavior of mixed HQ and CT

Electrochemical behavior of mixed components of HQ and CT (166.0 uM of each) in 0.1 M PBS
of pH 5 was carefully investigated at the surfaces of bare GCE (BGCE), GCE/LaMnOs and GCE/GO-
LaMnOs using cyclic voltammetry. BGCE electrode showed a weak and broad oxidation peak for a
mixture of HQ and CT at 0.33 V (curve a in Figure 3) suggesting slow electron transfer kinetics. The
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oxidation peaks of HQ and CT are merged with a very low peak current. In contrast, the GCE/LaMnOs
modified electrode showed two well-defined and sharp oxidation peaks for HQ and CT at 0.11 and
0.21 V vs. SCE, and two corresponding reduction peaks. It can be seen from curve b in Figure 3 that
the oxidation peak current for HQ and CT at GCE/LaMnOs is several times larger than that of the
unmodified electrode (BGCE) because of catalytic property of LaMnOs3 that acts as a promoter by
increasing the rate of electron transfer. The potential values of peaks shifted to less positive
potentials comparing with BGCE. After addition of GO to the modifier composition, peak current
values increased (curve cin Figure 3) due to high surface area and conductivity of GO. The separation
of oxidation peak potential of HQ-CT was 0.1 V which is high enough for the simultaneous
determination of two isomers.
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Figure 3. CVs recorded in PBS (0.1 M pH 5) in presence of HQ and CT (166.0 uM each) at (a) BGCE, (b)
GCE/LaMnOs, (c) GCE/GO-LaMnOs electrodes and in absence of HQ and CT (d). Scan rate: 100 mV s™.

Effect of pH on the oxidation of HQ and CT

The acidity of electrolyte has a significant influence on the HQ and CT electro-oxidation because
protons take part in the electrode reaction. The effect of pH on GCE/GO-LaMnOs current signal was
carefully investigated by cyclic voltammetry using 0.1 M buffer solutions at pH ranging from 2 to 6.
The results are shown in Figure 4(A). Obviously, the peak current values of HQ and CT increased with
an increase of the solution pH until pH reached 5 and then decreased. It can be seen from Figure 4(B)
that the highest peak current value is for both compounds obtained at pH 5. Also, as pH of the medium
was gradually increased, peak potentials for the oxidation of HQ and CT are shifted towards less
positive values, showing that protons have taken part in the electrode processes. Since phosphate
buffer solution at pH 5 gave the best response in terms of peak current value, peak shape and negative
shift, it was selected as the optimal pH for further studies. Plot of Eyvs. pH for HQ and CT in the working
pH range is shown in Figure 4(C). E, values of two compounds showed linear relationship with pH of
the buffer solution according to the following equations:
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CT: E,/V=-0.06pH+0.506 (R*=0.999) (1)
HQ: E,/V=-0.063pH+0.41  (R?=0.9963) (2)

The observed slopes of 0.063 and 0.06 mV/pH for HQ and CT are close to the anticipated Nernstian
value for two-electron, two-proton electrochemical reaction [46]. Therefore, it can be concluded
that equal number of electrons and protons are involved in both electrode reactions. The presumed
HQ and CT oxidation mechanisms are presented in Scheme 1.
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Scheme 1. Probable oxidation mechanism for HQ and CT
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Figure 4. (A) Effect of pH on the peak separation and peak current for the oxidation of HQ and CT (100.0 uM
each); pH 2-6. Scan rate: 100 mVs™. (B) Plots of peak currents vs. pH. (C) Plots of peak potentials vs. pH.
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Influence of scan rate on electrochemical behavior of HQ and CT

The influence of the scan rate on the oxidation peak currents of HQ and CT was investigated on the
GO-LaMnOs modified GCE by cyclic voltammetry. As can be seen in Figure 5(A), the peak current
values continuously increase with the increase of scan rate. As shown in Figure 5(B), the current is
directly proportional to the square root of the scan rate in the range of 10-1000 mV s, which
powerfully proposed that the redox reactions of HQ and CT are diffusion controlled. Also, the results
show clearly that the peak separation of HQ and CT is satisfactory for their separate analysis at higher
scan rates. It is additionally observed in Figure 5 that with increasing of the scan rate, potential of the
oxidation peak shifted positively, while potential of the reduction peak shifted negatively. This pointed
to a kinetic limitation existing at higher scan rates in the course of the reaction between the GCE/GO-
LaMnOs composite and HQ and CT. Due to our study, the scan rate of 100 mV s™* has to be ultimately
chosen to reach the best efficiency for peak currents and peak separation.

40 1
A
30 1

20 1

10 4

IlnA

. IinA

35

Figure 5. (A) CVs of GCE/GO-LaMnO; electrode in pH 5 in the presence of HQ and CT (100.0 uM
of each) at various scan rates (from inner to outer curve): 10, 25, 50, 100, 150, 200, 250, 300,
500, 700 and 1000 mV s™. (B) Plots of oxidation and reduction peak currents vs. u*?.

Interference studies

As dihydroxybenzene isomers usually coexist in real samples, it is very important to study the
interference of each other for the selective detection of the single one species. In each experiment,
the concentration of one species was changed, while the concentration of the other one was kept
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constant. The results are shown in Figure 6. It can be seen from Figure 6(A) that the oxidation peak
current of HQ increased with an increase in the concentration of HQ, while the peak current for the
oxidation of CT remained constant. The same is seen in Figure 6(C) for the voltammetric peak
corresponding to the oxidation of CT. This peak increased linearly with the increase of CT
concentration, whereas the peak current for the oxidation of HQ remained constant. The results
presented in Figure 6 (B and D) show that peak currents are linearly proportional to the
concentration of HQ and CT, respectively. The fact that by changing concentration of one species,
the peak current value of the other species did not change, indicates that oxidations of HQ and CT
at GO-LaMnOs modified GCE take place independently.

Interference of some other species on determination of HQ and CT was investigated by the
addition of interfering species (foreign compounds) into a solution containing 40.0 UM of HQ and
CT and the effects on the electrode recovery are shown in Table 1. It is clear that all kinds and
amounts of interfering species (expressed as ratios between foreign compounds and HQ and CT) did
not cause effects on currents being higher than 15 %.

35 - 40 1
A
i 35 4
30 -
30 41
25
25
20 1 -
- = 20
Y ~
15 <
15
10 1 10
g 5
0 T
0 3 o ; By 0 100 200 300 400
0.1 1 3 £5
& : C/nM
40 1
40 - C
35 33 1
30 4 30 4
25 25 1
3 20 T2
~ ~
15 15 4
10 1 10 4
b 5 o
0 . . . S 0 . . :
0 100 200 300 400 02 0 02 04

Figure 6. DPV at the GCE/GO-LaMnOs electrode in PBS (0.1 M pH 5) (A) containing CT (166.6 uM) and
different concentrations of HQ (from inner to outer): 0.0, 6.6, 13.3, 33.3, 53.3, 86.6, 116.0, 170.0, 216.6,
250.0, 283.3, 316.0 and 350.0 uM. (C) HQ (233.3 uM) and different concentrations of CT (from inner to
outer): 0.0, 6.6, 13.3, 33.3, 53.3, 86.6, 116.0, 170.0, 225.0, 275.0, 310.0 and 350.0 uM. Plots of peak
current vs. concentration of (B) HQ and (D) CT.
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Table 1. Effect of interferences on determination of HQ (40.0 uM) and CT (40.0 uM).

Foreign compound Molar ratio of foreign compound/HQ and CT Recovery, %
K* (12 mM) 300.0 98.2
Ca®* (8 mM) 200.0 97.3

Zn%* (12 mM) 300.0 96.0
Fe?* (10 mM) 250.0 98.0

Cl (12 mMm) 300.0 99.4
NOs3 (16 mM) 400.0 98.0
Ascorbic acid (8 mM) 200.0 95.7
Urea (12 mM) 300.0 96.9

Simultaneous determination of HQ and CT

Differential pulse voltammetry (DPV) was performed to investigate the relationship between the
peak current value and concentration of HQ and CT. As shown in Figure 7, DPV curves showed two
well distinguished oxidation peaks. Electrocatalytic peak currents of HQ and CT oxidation at the
surface of GCE/GO-LaMnOs are linearly dependent on HQ and CT concentrations over the range of
0.5-433.3 and 0.5-460.0 UM, respectively. Detection limit was obtained 0.06 and 0.05 uM for HQ
and CT, respectively. For 7 successive determinations of 100.0 UM of HQ and CT, the relative
standard deviations were 2.2 % and 1.9 %, respectively. These results show that the proposed
electrode can be used effectively for the simultaneous determination of HQ and CT. Comparison of
here obtained results using GCE/GO-LaMnOs electrode with the results obtained using other
modified electrodes is presented in Table 2.
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Figure 7. (A) DPV of the mixtures of HQ and CT at the GCE/GO-LaMnOQOjs electrode in PBS (0.1 M pH 5) at the
scan rate of 100 mV s™%. Concentrations from inner to outer of curves: (0.0, 0.5, 1.5, 2.0, 3.0, 6.6, 13.3, 20.0,
30.0, 40.0, 55.0, 66.6, 85.0, 100.0, 133.3, 166.6, 200.0, 233.3, 266.6, 280.0, 316.6, 330.0, 350.0, 400.0,
433.3 and 460.0). (B) and (C): Plots of oxidation peak current vs. concentration.
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and CT with other modified electrodes.

Table 2. Performance comparison of GCE/GO-LaMnOs electrode for the simultaneous determination of HQ

Linear range, uM

Detection limit, uM

Modifier HQ T HQ cT Ref

Pt—-MnO; 3-447 15-4481 - - [26]

MWNTs-P3MT?/GCE 0.5-150 0.5-150 0.05 0.05 [28]

Gold-Graphene 1-100 1-100 0.2 0.15 [31]

RGOP—MWCNT 8-391 5.5-540 2.6 1.8 [47]

Carbon nanoparticle chitosan 0.8-100 0.8-100 0.2 0.2 [48]

Imidazolium ionic liquid 1-500 1-400 0.4 0.17 [49]

Nb,Os 0.8-500 39.8-980 1.6 0.8 [50]

Aminated glassy carbon 5-260 5-260 0.2 0.2 [51]
Graphene oxide-LaMnOs; 0.5-433.3 0.5-460.0 0.06 0.05 This work

3Poly (3-methylthiophene); PReduced graphene oxide

Real sample analysis

In order to evaluate the analytical applicability of the developed method for simultaneous
determination of HQ and CT, local tap and mineral waters were tested. The amounts of HQ and CT
in the tap (Kerman drinking water, Kerman, Iran) and mineral (Damavand mineral water Co., Iran)
water samples were determined. The reliability of the method was checked by the analysis of the
samples spiked with the known amount of HQ and CT. The results are listed in Table 3. The
recoveries were 95.4-102.5 % for HQ and CT. Therefore, a capability of the proposed electrode for
the simultaneous determination of HQ and CT is clearly confirmed.

Table 3. Determination of HQ and CT in water samples using GCE/GO-LaMnQOs (n = 5).

Amount, uM

Sample Analyte Detected Added Found? Recovery, %
HQ 20 19.4+0.8 97.0
Tap water® NDC 30 28.6+1.0 95.4
cT 20 20.5+0.8 102.5
30 29.2+1.2 97.4
Mineral water? HQ ND¢ 30 28.8+1.3 96.0
CT ND¢ 30 29.1+1.0 97.0

aMean = standard deviation for n = 5; °Kerman drinking water, Kerman, Iran; °Not detected; “Damavand mineral water
Co., IRAN;

Stability of modified electrode

Long term stability of modified electrode, GCE/GO-LaMnQOs, was assessed for a period of three
weeks, when the modified electrode was stored at atmosphere conditions. DPVs showed that there
were no significant variations in regard to HQ and CT oxidation peak potential values, with the
exception of a drop less than 2.8 % and 2.3 % in comparison to the primary response. The adjusted
electrode oxidation antifouling capacity pertaining to HQ and CT and relevant oxidation byproducts
were examined via DPV evaluation.

Conclusions

For the first time, we have demonstrated an effective approach to construct of GCE/GO-LaMnOs
sensor and its application for simultaneous determination of HQ and CT. Compared with the bare
GCE, a large peak-to-peak separation between CT and HQ, and the significant increase of peak
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current values were observed for GCE/GO-LaMnOs, which clearly demonstrated that GO-LaMnOs
could be used as an efficient promoter to enhance the kinetics of the electrochemical process of HQ
and CT. The optimization of the experimental conditions for differential pulse voltammetry yielded
a detection limit for HQ and CT of 0.06 and 0.05 UM, respectively. These values are comparable or
even better than those already described in the literature. In addition, the presented sensor was
applied for the simultaneous determination of HQ and CT in water samples with satisfactory results.
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Abstract

In the practical implementation of the sequential wire electrical discharge machining —
pulsed electrochemical machining (WEDM — PECM) technology and in order to perform
high quality electrochemical processing, there is a need for the real-time operational
control of electrical parameters of inter-electrode space and corresponding adaptive
correction of amplitude-frequency power supply parameters (AFPSP). In the context
presented by the authors, a mathematical apparatus and an algorithm of operational
galvanostatic mode monitoring of anode dissolution using wire electrode-tool are
proposed. This will allow adaptive adjustment of AFPSP to ensure controlled passage of
electrochemical reactions and significantly increase process stability, dissolved surface
layer thickness uniformity along entire electrode tool movement trajectory and resulting
surface quality.

Keywords

Wire electrical discharge machining; pulsed electrochemical machining; current and voltage
waveforms; process monitoring; surface finishing.

Introduction

Wire electrical discharge machining (WEDM) technology fully satisfies the requirements of
modern production in terms of miniaturization and precision. However, modern industry and
especially instrumental production require electrical discharge wire cutting machines to form
surfaces with roughness Ra < 0.1 microns. Obtaining such surface parameters and getting rid of a
structurally modified heat affected zone (HAZ) using only material removal by a highly concentrated
source of heat having a spark discharge is extremely costly and difficult. In modern machines of the
world leader in the field of electrical discharge nanotechnology, Sodick Co. LTD, a mirror-like
smoothing of steel blank surfaces of up to 0.08 microns is achieved in 12 passes with a change of
working environment. This leads to an unacceptable cost increase of machined parts.
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Pulse electrochemical machining (PECM) principally allows obtaining surfaces with roughness Ra
< 0.1 microns with the absence of a structurally altered layer on the workpiece surface. However,
implementation of an efficient PECM process by a mobile wire tool electrode (WTE) following to the
WEDM technology scheme is currently not sufficiently researched and is challenging in scientific and
technical terms. The solution requires complex experimental and theoretical studies, as well as
mathematical and physical modelling of basic processes that determine the nature of the
electrochemical dissolution of the anode surface obtained by WEDM.

Literature review and problem statement

For WEDM, the express methods of preliminary determination of power supply parameters and
inter-electrode space (IES) condition monitoring in real time are already developed and successfully
used on serial machines. The IES resistance is controlled by the hardware. AFPSP and machine drives
feed rate have adaptive control. More sophisticated modern schemes are implemented through the
continuous supply of low-power diagnostic impulses to IES. By analysing the response, a decision is
made to switch on a more powerful source of pulsed technological current, which in fact, carries the
electro-discharge destruction of material [1,2].

For wire PECM, such control methods have not been developed. The time of periodic process of
double layer charging to the overvoltage activation and its discharge time are very important for
nanosecond pulsed electrochemical processing [3-5]. Cylindrical wire electrode causes significant
current density distribution on the anode surface. Therefore, even a slight change in electrode
potential leads to a significant change in current density and accordingly, to dissolution localization.
With a longer duration of microsecond pulses, a diffusion processes becomes a limiting factor in IES.
Accordingly, calculation of stationary and transition components of diffusion current, which depend
on main parameters of each technological PECM scheme, must be preceded by the choice of current
amplitude [6]. For configuration of flat anode and cylindrical cathode with stream electrolyte flow,
it is problematic to determine diffusion layer thickness, which depends on velocities distribution of
electrolyte in near-anode zone. Consequently, calculated mathematical models of electrochemical
processes in IES are complex, require usage of computer-aided design software and significant
computational time [7]. These mathematical models are adequate for preliminary calculation of
PECM processes parameters but are not suitable for operational monitoring and adaptive real-time
correction. Therefore, there is an urgent need for the creation of algorithms and schemes suitable
for practical implementation in the existing technological equipment.

The proposed approach is based on the determination of magnitude and dynamics change of IES
electrical parameters and as a result, process nature of electrochemical dissolution. These can be
obtained from analysis of response oscillograms using equivalent electrical circuit substitution
scheme. A similar approach was used in [8], using a complex mathematical apparatus not suitable
for operative quantitative analysis of response oscillograms. In the subsequent work [9] only a
gualitative analysis of oscillograms was conducted.

Proper choice of AFPSP according to PECM scheme, can significantly improve surface quality,
machining accuracy, material removal rate and overall process controllability [10,11].

The purpose is to increase the technological characteristics of high-performance combined
methods of current-conducting materials machining with the help of further development of
mathematical apparatus of operational monitoring and adaptive efficiency correction of
galvanostatic PECM mode.
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Experimental equipment and methods

Technological scheme

When using the PECM scheme of unipolar current pulses with moving WTE as a cathode
(Figure 1), developed by the authors and implemented in particular experimental technological
equipment, the process of anodic dissolution of workpiece material significantly depends on the
magnitude and growth dynamics of anode polarization and relaxation of its potential during the
pause between current pulses.

nozzle

wire-cathode

WEDM surface
_ electrolyte ! part-anode
| ECM surface

Figure 1. Machining scheme of sequential wire EDM and wire PECM

Replacement of the partition boundary “anode — electrolyte” for equivalent electrical circuit
(Randles circuit) is carried out and described in Figure 2 [8,12]. The choice of circuit should be based
on electrical properties of IES. Technological parameters during machining process determine
dynamics change of electrical properties of IES. Electrolyte flow speed (renewal rate) influences Re
— electrolyte resistance. Change of IEG value, a size of interacting surface while moving on intricate-
contoured trajectory affects capacity. WTE feed rate along trajectory alters dissolution conditions
of EDM-affected surface layers and influences the electrical properties of IES.

a b
i(t) IC;
' R, 1
lo —)
Re
—
0 T; t °

Figure 2. a - Current pulse parameters; b - Electrical equivalent scheme for anode-electrolyte
boundary interface of pulse ECM (PECM): Re — electrolyte resistance; C — double layer capacity;
Re— Faraday resistance

Methods for obtaining oscillograms of anode current pulses are well worked out and have a
relatively simple scheme implementation (Figure 3) [8,13].

Research of physical and technological parameters of wire cutting electrical discharge machining
and subsequent electrochemical processing by a wire electrode was carried out on SELD-02 (wire-cut
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electrical discharge machine on linear motors, Ukraine). SELD-02 machine has linear motors, granite
guides and gas-lubricated supports. This provides minimal displacement error.

a
6 7 Mmool 9 10

LI ™ LT

— - S

: —

!
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1 2 4 3
b
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= | | — A
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8 |
o] | u
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Figure 3. Schemes of measurements: a - flat electrodes, b - flat anode — cylindrical (wire)
cathode. 1 —anode, 2 — cathode, 3 — reference electrode (platinum), 4 — electrolyte, 5 — bridge,
6 — driving pulse generator, 7 — current source, 8 — current transducer, 9 — oscillograph, 10 —
computer, software, 11 — computer numerical control unit, 12 — positioner

3

Experimental conditions: anode — stamping steel DIN X155CrVMo12-1, cathode — 0.2 mm
diameter Cobra Cut B wire (AGIE, Switzerland), CuZn37 hard brass, 1 M NaCl electrolyte at
temperature of 28 °C which was delivered as a jet from the upper chamber of the machine at
pressure of 5x10% Pa. Height of the part is 11 mm. The machine-tool provided wire electrode
movement with a given speed along the trajectory at a given distance (IEG) from the machined
surface. Conductivity of the electrolyte was controlled by the Oakton TDS-5/CON-5 with a special
electrode which expands measurement scale (cell factor K = 10). Polarization-time and current-time
dependencies were recorded by digital Atten ADS1000 dual-channel oscillograph and transmitted
to computer in a mathematical software package for processing.

Preliminary testing of the proposed method for monitoring IES was carried out in studies of
transient processes in electrochemical system. It had fixed flat electrodes and the process was
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conducted by the passing of a sequence of rectangular current pulses. Electrodes 20x12.5x1.5 mm
were immersed in a bath with immovable 1 M NaCl electrolyte, so the electrodes interaction area
was 2.5 cm?. Anode material — stamping steel DIN X155CrVMo12-1, cathode — brass CuzZn37.

Mathematical method for calculating parameters of an electric circuit loaded by microsecond
current pulses

As is known, current i(t) and voltage u(t) at the ends of an electrical circuit element with active
resistance R and capacity C are bound by formula [14]

1| ¢,

u(t) =R-it), u(t)=5{ | /(t)dt+qo} (1)
0

where qgo — initial charge on condenser covers.

Using the operational method [14], we introduce an integral transform of Laplace’s "operational
current", i(t)—I(p) and "operational voltage", u(t)— U(p) , where p is a complex number
frequency parameter. Then, relation (1) will be converted into operational formulas

1
U=RI, U=—I (2)
Cp
if we consider go= 0.

Formulas (2) combine into "operational Ohm’s law "

u=2z (3)
where Z is “operational resistance” or impedance, which in the case of active resistance and
capacitance has the following form:

Z,=R, Z.=— (4)

Considering rules for adding parallel and serial impedances, we obtain the expression for the
overall circuit (Figure 2b) impedance,

Z=R +—F— (5)

and the operational equation, respectively:

R
U=|R +—F—1I (6)
CpR, +1

Similarly, it is possible to formulate the operational equation for more complex electric substitution
schemes taking into account additional components of inter-electrode space, such as cathode double
electrical layer capacitance, resistance of passivating films that can be formed on surface of
electrodes, etc. Also, in the substitution scheme, inductivities can be introduced if response
oscillograms taken from IES clearly indicate oscillatory attenuation signals and model must reproduce
them. It is important to substantiate the conformity of each element of electrical circuit and way of its
connection to the real processes occurring in IES during electrochemical machining.

To construct a mathematical description of the passage of a rectangular current pulse through a
model of an electrochemical cell (Figure 2b), we first consider the problem of DC current ip activation
attime t=0.
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i) =i 0(t) o) 0, ift<0,
| = =
oAt 1, ift>0;

6(t) — Heaviside function.

Operational current is defined as / = io/p, while the operational voltage according to Egs. (3) and
(6) is defined as:

R i
U=|R +—F— |2 (7)
CoR.+1)p
We perform the transition operation to the original u(t) <— U(p) started using the conclusion of
the second expansion theorem [14], according to formula

Ap) A0 § A
pB(p)  B(0) = pB'(p)

where px — k" equation root of B(p) = 0.

(8)

In our case, using Eq. (7) we have only one root, p1 = 1/CRr. Then using Eq. (8)

A

Alp) _, (R, +R.)i, —R.i,e™

pB(p)

u(t) becomes defined as:

u(t)=iy[R. +R.(1—e™)] (9)

Next, to get response function to the rectangular shape current pulse passage,
i(t)=i,0(t)—i,0(t —7;), where 7,is pulse duration, the lag theorem [14] was used and we get:

u(t) =i, {[R. +R.(1—e”)]0(t)—[R. +R.(1—e*" ™ot —7,)} (10)

Here it is assumed that electrochemical cell parameters Re, Rr, C have not changed during pulse
duration.

i(t)

o

0 t, t, t, t, (7 S t
Figure 4. Sequence of current pulses with arbitrary parameters of duration and on-off time

For a series of current pulses with an arbitrary time duration and on-off time parameters (Figure
4), it is suitable to use the following form of the response function

U(t) = iO{[REI + RFl(l —e™ )]a(t) - [REZ + RFz(l —e” (titl))]e(t - t1) +
HRey + Ry (L€ N0 —t,) = [Rg, + R, (1— " )0t ~t,)+
HRes +Res (1= €™ )10t —t,) = [Req +Res(1— ™)t —t,) +
+...},

(11)

where according to the trend of parameters changing from Re1, Re1, C1to Rez, Rr2, G2, then to Res, Res,
G, etc, it is possible to clearly observe dynamics of IES condition indicators for an electrochemical
cell during pulsed current workload in the galvanostatic mode.
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Results and discussion

Flat electrodes

Figure 5(a) presents the results of dynamic measurements of anode polarization at given
amplitude-time parameters of current. It should be noted that amplitude of current pulses and
interaction area of electrodes in this experiment do not correspond to the operating modes of current
density of electrochemical dissolution using wire WEDM + PECM technology. Duration and amplitude
of pulse current, area of interaction of electrodes, IEG value were selected in such a way to maximize
manifestation of IES resistance and capacity in anodic polarization curves. In addition, oscillograms
were recorded at the beginning of dissolution process in order to minimize influence of external
factors such as electrochemical reaction products saturation (slag) and IES gas pollution or formation
of various films on electrodes, which had not yet appeared in a short time.

0 e M ‘ v
1 15 2
t/ms t/ ms
Figure 5. Oscillograms and their mathematical processing: a - rectangular current pulses (red
curve); increase and decrease of anode polarization (blue curve); b - approximation by response

function of areas with transient processes

Then, the inverse mathematical problem was solved using the experimentally obtained plot of
polarization-time dependence, and selecting coefficients in the response function (Eq. (10)), i.e.
parameters Rg, Rr, C of the electrical equivalent substitution scheme of an electrochemical cell.
Polarization growth area (Figure 5b) was approximated by the least squares method using function
(9), which is a response function when passing the front edge of current pulse through an
electrochemical cell. The decrease of area which corresponds to the back edge of the switch-off of
current pulse, was approximated by the function represented in the second term Eq. (10).

According to oscillogram processing results (Figure 5b), it was found that at the moment of
passing the forward front of current pulse, IES parameters had following values: Re = 0.12 Ohm,
Rr=0.33 Ohm, C=1.2-10*F. At the moment of passing rear front, these values were: Re =0.12 Ohm,
Rr = 0.4 Ohm, C =3.9-10* F. Estimated total IES resistance, R, according to the Ohm’s law

g9

xS
using values of electrolyte conductivity, ¥ = 8.61 S m, electrodes interaction area, S = 2.5-:10% m?
and IEG, 0 = 0.8:10° m, was 0.37 Ohm. Specific capacity of double electric layer i.e. capacity
according to the equivalent interaction area of electrodes is 0.48 F/m? and 1.6 F/m? in the first and
second case, respectively. According to the literature data, specific capacity values should be within
0.2-0.4 F/m? [15], Helmholtz model, 0.6-0.8 F/m?] [15], or 0.4-0.5 F/m? [16], measured at the
boundary between mercury anode and 1M NaCl solution at 25 °C, 0<U<0.4 V. That is, the order of
experimentally determined resistance values Re + Rr (values are adding for serial connection)

(12)
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coincides with theoretical calculation. The found specific capacity value along the pulse forward
front is located in well-known range. The rear edge determined capacity, however, is not correct
(similar to [8]), so it is obvious that the electrical equivalent scheme needs to be clarified.

With an increase of the current amplitude up to 9 A and a decrease in of IEG value down to 0.6 mm,
IES is filled with sludge over time due to reactions products. This is noticeable when analysing
oscillograms (Figure 6). At the beginning of experiment, electrochemical cell specific capacities are
0.22 F/m? and 0.76 F/m? for forward and rear pulse fronts, respectively. After 2 minutes of the anode
dissolution, a significant amount of sludge is observed visually in IES, and from analysing oscillograms
it follows that the corresponding capacities increased to 0.49 F/m? and 1.2 F/m? and resistance
decreased. Consequently, IES is filled by sludge, caused by insufficient rate of stationary electrolyte
renewal that is clearly visible on the oscillograms and can be quantified by their mathematical analysis.

0 1 2 3
t/ms

Figure 6. Oscillograms, approximated by response function, when working with a larger current
amplitude 9A: voltage at the beginning of experiment — medium graph; voltage after 2 minutes
of polluted IES — lower graph

With a variation of the IEG and AFPSP parameters, other characteristic cases of polarization
change dynamics of electrodes were experimentally obtained. Oscillograms in Figure 7 are
mathematically processed in the following way. On the first pulse, we obtain resistance and
capacitance parameters of elements and using Eq. (11) further polarization change is predicted for
several subsequent pulses (red curve).

In the first case (Figure 7a), an unsuccessful choice of AFPSP for experimental conditions led to
increasing residual polarization. In another example (Figure 7b) there is an increase in polarization
and a simultaneous change in IES conditions. Both cases are unacceptable and require an immediate
correction of AFPSP for normalization of the anode dissolution process in electrochemical cell with
flat electrodes. A novel pulsed-power supply method allows to accelerate depolarization and to
improve the machining accuracy of PECM [17].

276 (co) X



Vasyl Osypenko et al. J. Electrochem. Sci. Eng. 9(4) (2019) 269-280

a
A
2
S~ /
= | - |
" | | | | |
L & ‘ —
0 1 3 4
t/ms
b
>
b
S

!

24 Py - | ; ]
{ i I 'j ‘ I!
| | |
. i —

3 4
2 t/ms

Figure 7. Oscillograms with (a) increasing residual polarization, (b) increasing polarization and
changes in IEG characteristics

1

Flat anode — cylindrical cathode

For polarization oscillograms with flat anode and wire cathode analysis it is incorrect to use value
of electrodes interaction area S in Eq. (12). To obtain more accurate quantitative results of
oscillograms analysis, the following mathematical description of electric field distribution for the
calculation scheme of flat anode — cylindrical cathode (Figure 8) [18,19] must be applied.

Y
cathode P=-u(t)

anode

Figure 8. Scheme for electrochemical machining of flat anode by a wire cathode

If cathode potential is u(t), then field strength distribution on anode surface is determined by the
formula

_2auft) 1 (13)
=0 Inp x*+d°

E,(x,t) y

where a=+H*—=r*, p = (a-8)/(a+J). Field strength component Ey is insignificant due to smallness.
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Amplitude current in circuit can be described by the following equation

0

U
I =2ij Ldx =27l —2 (14)

A y

2 =0 inp

where « is specific electrolyte conductivity, and L is the part height.
Then IES resistance filled with electrolyte is

Lol "
TLK

or by analogy with Eq. (12)
a

R:H (16)

S

where, As=2mal/|In p|i.e. equivalent interaction area for cylindrical cathode and flat anode, similar
to the interaction area of electrodes S for flat electrodes.

The area of electrodes interaction, which in turn determines electrical capacity of electro-
chemical cell, has much less calculated value for a wire electrode than for a pair of flat electrodes.
Therefore, transient processes of increasing and decreasing polarization under pulsed current are
visually less obvious. Figure 9 depicts an oscillogram of anode polarization at IEG of 0.5 mm,
amplitude current /a = 2.34 A and voltage Ua =11 V.

A
N
e

t/ms
Figure 9. Oscillogram of anode polarization during electrochemical machining of flat anode by
a wire cathode.

Figure 10 shows areas of voltage growth and decrease of oscillogram in Figure 9, approximated by
the response function (Eg. 10). The experimental value of resistance is 4.7 Ohm, while the theoretically
calculated value according to Eq. (15) is 4.33 Ohm. The difference between the experimental and
theoretical results is 7.9 % and may be explained by the appearance of partial gas pollution of IES as a
result of electrochemical reaction, which leads to a decrease in electrolyte conductivity.

Following the results of the response function approximation of forward pulse front, the following
values were obtained: Re = 3.74 Ohm, Rr = 0.89 Ohm, C = 8.3-10°° F. Specific capacity, i.e. the capacity
of electrochemical cell according to the equivalent interaction area of electrodes, is 0.5 F/m?. Data of
the voltage drop area approximation asserts that specific capacity reached 0.45 F/m?2.

With the prolongation of response function according to Eq. (11) with parameters obtained for
several subsequent pulses and comparison with the oscillogram in Figure 9, it was established that
electrochemical process proceeds normally, without significant changes in IES condition and without
accumulation of residual polarization. That is, AFPSP for given conditions is selected correctly,
providing necessary metal removal rate and avoiding a process of entering passivation zone.
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0 20 40 60 80 340 360 380 400
t/ps t/ps

Figure 10. Voltage oscillogram (blue curve) approximated by response function (red curve) (a)-area of
voltage increase on forward pulse front; (b) area of voltage decrease on rear pulse front.

Following the results of the response function approximation of forward pulse front, the following
values were obtained: Re = 3.74 Ohm, Rr = 0.89 Ohm, C = 8.3-10°° F. Specific capacity, i.e. the capacity
of electrochemical cell according to the equivalent interaction area of electrodes, is 0.5 F/m?. Data of
the voltage drop area approximation asserts that specific capacity reached 0.45 F/m?2.

With the prolongation of response function according to Eq. (11) with parameters obtained for
several subsequent pulses and comparison with the oscillogram in Figure 9, it was established that
electrochemical process proceeds normally, without significant changes in IES condition and without
accumulation of residual polarization. That is, AFPSP for given conditions is selected correctly,
providing necessary metal removal rate and avoiding a process of entering passivation zone.

According to Faraday’s law we obtain an expression for determining material depth dissolution
distribution on anode surface due to the action of one current pulse

.
_HKwan 1 [uttydt (17)
Inp  x"+a"

h(x)

where Ky is coefficient of electrochemical machinability of anode material; 7 is current efficiency
coefficient; T is pulse period; u(t) is response function (10) obtained by approximating the
corresponding voltage oscillogram section during current pulse passage.

If the process of electrochemical dissolution is stable as in the considered example, then
according to Eq. (17) it is possible to calculate the thickness of the removed surface layer, taking
into account the velocity of the wire electrode and current pulse frequency. In the case of ECM
parameters deviation from normal reaction, oscillogram analysis will indicate unacceptable
changes. Refusal to apply corresponding operational measures for correction of AFPSP will result in
a significant reduction of current efficiency coefficient. This is approved by numerous experimental
evidences in practical implementation of wire ECM technology.

Approximation of oscillogram signals in this work was carried out using a mathematical software
package, which is quite convenient for research, but is not fundamentally necessary. Computational
experiments have shown that sufficient accuracy in this case can provide an approximation of 3-5
points of the curve (filtered from digital noise). According to the least squares deviation method,
this means that in order to find unknown coefficients, it is necessary to solve a system of 3-5 linear
algebraic equations, which solution can be represented in an analytical form. That is, calculations
are reduced to normal multiplication and addition operations that can be performed in real time on
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microprocessor elements used in modern computer numerical control equipment for controlling
and managing machine-tools and technological systems.

Conclusions

1. The concept of operational monitoring, forecasting and adaptive correction of AFPSP of ECM
using mobile wire electrode is substantiated in order to improve accuracy and quality of surface
shaping using the latest combined technology of sequential WEDM and ECM.

2. Based on experimental data, a mathematical model was developed that adequately describes
the increase and decrease of polarization dynamics of anode in electrochemical machining using wire
electrode, with a series of unipolar rectangular current pulses.

3. The solution of inverse mathematical problem is proposed which, based on the experimentally
obtained plot of the response polarization-time dependence, allows-determination of Rg, Rr, C
parameters of the substituted electrical equivalent circuit scheme of an electrochemical cell.
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Abstract

Proton exchange membrane fuel cell (PEMFC) and direct methanol fuel cell (DMFC) are
increasingly used as substitutes to conventional energy systems. Their compact design,
high energy density and efficient energy-conversion offer several advantages over existing
energy systems with potential for use in a variety of applications. However, performance,
robustness and cost are the key challenges to overcome before fuel cells can be
commercialized. Even though the use of platinum (Pt) and platinum group metal (PGM)
alloy catalysts provide higher performance and durability, they are at the same time the
largest cost components which need to be addressed. This paper reviews different
approaches adopted to enhance Pt utilization such as reducing Pt loading, decreasing Pt
particle size, developing Pt free metallic alloy catalyst, improving Pt dispersion, developing
membrane electrode assembly (MEA) fabrication methods, increasing mass-transport at
the electrode surface and modifying the catalyst support materials. Finally, the
performance optimization efforts for Pt utilization are summarized with insights into
probable directions of future research in this area.

Keywords
Electrochemical active surface area; hydrogen adsorption; CO stripping; catalyst particle size; catalyst
loading; catalyst dispersion; catalyst support

Introduction

Over the last two decades, proton exchange membrane fuel cell (PEMFC) and direct methanol
fuel cell (DMFC) have been extensively studied and are emerging as potential systems as they
provide clean energy and are commercially viable [1]. They possess a series of highly advantages
features such as low operating temperature (<100 °C), high efficiency, sustainability at high current
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density, development of catalyst material for hydrogen generation, 10-100 fold reduction of the
catalyst loading, multiple options for membrane electrode assembly (MEA) fabrication,
manufacturing and synthesis process for gas diffusion layer (GDL) and membranes, development in
thermal and water management, compactness, potential for low volume and weight, long stack life,
fast start-up and suitability for discontinuous operation [2-4].

In the recent years, leveraging these advantages, automobile and fuel cell (FC) manufacturers are
moving towards commercialization from a demonstration phase. This is carried out through
development of suitable catalysts, introduction of zero emission vehicles and development of
prototype vehicles that have adopted FC systems. However, several technological challenges and
cost reduction still need to be overcome. The primary approaches towards addressing these
challenges include reducing the precious metal catalyst loading with controlled particle deposition
through improved electrode preparation methods, optimizing the MEA, enhancing the tolerance of
MEA to high temperature to promote higher degrees of electro-catalysis, exploring non-platinum
based electrode materials [5-7].

Platinum (Pt) or Pt-alloys such as PtRu, PtCo, PtNi, PtFe, PtV, PtMn, PtCr are the most suitable
electrocatalysts for PEMFCs and DMFCs as they have low overpotential values, high catalytic activities
and also ability to tolerate the harsh acidic surroundings inside FC. Pt is a less abundant and expensive
noble metal that contributes as much as 50 % (even at 1.7 % of Pt) to the total cost of fuel cell. In
addition, Pt utilization is quite low with only 25-35 % utilized for electroactivity [8-10].

The limited supply and high cost of Pt necessitate its optimal utilization and reduction in Pt
loading. Table 1 illustrates the status and long term goals set by the U.S. Department of Energy for
Pt utilization with Pt loading targets. As a result, optimizing Pt utilization in order to reduce cost has
been the primary focus of much research in this field [11-13].

Table 1. Platinum metal content status and targets [13]

i 2011 Targets
Characteristics status 2017 2020
Platinum group metal (PGM) total content (both electrodes), g kW 0.19 0.125 0.125
PGM total loading, mg m™ 0.15 0.125 0.125
Loss in initial catalytic activity, wt% 48 40 40
Electrocatalyst support stability, wt% 10 10 10
Mass activity, A mgp? 0.24 0.44 0.44
Non-Pt catalyst activity per volume of supported catalyst, A cm= 60 300 300

In order to improve Pt utilization efficiency, the electrocatalysts need to be developed with the
reduced Pt loading and increased Pt active sites. The active research approaches explored towards
enhancement of effective Pt utilization in PEMFC and DMFC electrodes are grouped in following
categories [14,15]:

e Reducing the electrocatalysts loading in fuel cell electrodes.

e Developing novel nano-structured thin-film Pt by decreasing the electrocatalysts nanoparticle size

e Reducing Pt dependence by developing metallic alloys and Pt-free electrocatalysts.

e Improving electrocatalysts dispersion by using novel fabrication methods.

e Developing MEA fabrication methods to enable better catalyst dispersion and utilization.

¢ Using new techniques to increase mass-transport at the fuel cell electrode surface.

e Improving the performance of carbonaceous electrocatalysts support and exploring novel non-
carbonaceous electrocatalysts support materials.
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Although Pt is the catalyst commonly used for both anode and cathode in PEMFCs, the oxygen
reduction reaction (ORR) at cathode is more complex with sluggish reaction kinetics, thus requiring
higher Pt loading, typically several times higher than that of anode. In addition, the hydrogen
oxidation reaction (HOR) on the DMFC anode catalyst suffers from high over potential. This has
triggered researchers to explore optimization of Pt catalyst including the synthesis of catalysts that
are more active and less expensive than Pt [16,17].

This paper focuses on various approaches, already taken by researchers to optimize Pt utilization
for cathode of PEMFC and both electrodes of DMFC to reduce the cost and improve the performance
and durability of PEMFCs and DMFCs. Catalyst utilization can also be represented in terms of mass
activity and specific activity. As catalyst utilization is a surface phenomenon [18], the progress made
in this area has been presented by considering electrochemical active surface area (ECSA), as the
benchmark parameter across various research approaches over a period of time. The calculation
procedure of this parameter is briefly described in the following section.

In addition, fuel cell performance can also be increased by increasing specific activity of the
catalyst by alloying or shaping. Specific activity (SA) is the ratio of the kinetic current to the real
surface area of the catalyst. Nevertheless, in the case of nanostructures the real surface area is
significantly greater than geometric and can be determined using CO stripping [21]. However,
discussing specific activity of the catalyst is beyond the scope of this review.

Measuring platinum utilization efficiency

Platinum utilization (PtUt) is the amount of exposed Pt atoms available for catalytic reaction
among those dispersed on the electrode. As catalyst utilization is a surface phenomenon, the surface
and the specific surface area are considered as critical factors for measurement. Here,
electrochemical active surface area (ECSA) is considered as a measure of Pt utilization. A comparison
of ECSA with geometrical specific surface area (GSA) tells the number of electrochemically active Pt
surface atoms. Therefore, the ratio of ECSA to GSA is considered as a measure of PtUt [19,20].

PtUt, % = [ECSA/GSA] x 100 (1)

Electrochemical active surface area (ECSA)

ECSA is a measure of the number of electroactive Pt sites on the surface of the catalyst on which
reaction occurs and is sometimes called the intrinsic Pt catalyst surface area. Numerous methods
are available in the literature to calculate ECSA of Pt catalysts. In the context of this review, two
primary methods, H-adsorption (ECSAx) and CO stripping (ECSAco) used for measuring ECSA are
explained below [21].

H-adsorption (ECSAH)

ECSAn of Pt catalyst, reported in m?gpe? units, is determined conventionally from hydrogen
under-potential deposition (HUPD) reaction, which can be expressed as [22]:

Pt + H* + e 2Pt-Hags (2)

Figure 1 shows a typical hydrogen electrosorption/desorption voltammetric profile for the
polycrystalline Pt electrode in 0.5 M H;S04. Characteristic peaks between 0.0 and ~ 0.2 V are
attributed to the atomic hydrogen desorption/adsorption at Pt surface and ECSAn can be
determined by:

ECSAH = (100 Q) / (Qrrery M) (3)

1
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In Eqg. (3), Qu / uC is the charge calculated by integrating the area under the cyclic voltammetry
(CV) curve (Figure 1) within the potential range of hydrogen desorption, Qnuef) is the charge
corresponding to formation of the monolayer of adsorbed hydrogen on the polycrystalline Pt given
as 210 uC cm?, and m is the mass of Pt loading (mg) that indicates the amount of Pt at the working
electrode [23,24].
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Figure 1. Typical hydrogen adsorption/desorption voltammetry profile for polycrystalline Pt
electrode in 0.5 M H,SO4 at room temperature at 100 mVs™ [21]

-1.5

When electrodes are fabricated with the polymer electrolyte membrane (PEM), however, all Pt
active sites are not available for electrochemical reaction. This may be due to an improper contact
of Pt particles with the solid polymer electrolyte or to electrical insulation between Pt particles
caused by a thin film of the electrically non-conducting polymer electrolyte. In such case, the ECSA
measured by CV in solid polymer electrolyte is denoted as ECSAmea Which is called as driven — cell
mode [25]. This value may be smaller than ECSA. The ratio of ECSA and ECSAmea is termed as MEA
platinum utilization [81].

CO stripping

The most commonly used anode catalyst for DMFC is platinum-ruthenium (PtRu). The ECSA and
performance of the prepared PtRu anode catalysts for DMFC are measured by means of CO stripping
method.

Pre-adsorbed carbon monoxide (COa.q) oxidation can be calculated using CO adsorption removal
voltammogram (Figure 2) at a particular scan rate. Gaseous CO can be purged into the cell to permit
complete CO adsorption onto the electrocatalyst while maintaining a steady voltage. The surplus
CO can be removed by nitrogen gas [26].

The following reactions occur on the platinum surface for methanol oxidation:

CH3OH + Pt = COua-Pt + 4H" + 4e’ (4a)
Pt +COa4-Pt + H20 - COgag-Pt + H* + OHag-Pt + € = 2Pt + 2H* + CO, + 2€° (4b)
For PtRu, the equation for methanol oxidation is as follows:

CH3OH + PtRu = COg44-PtRu + 4e” + 4H* (5a)
COad-PtRu + H20 - CO4¢-PtRU-OHag + € + H* - PtRu + CO; + 2e'+ 2H* (5b)
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Figure 2. CO stripping current (red line) recorded at 500 mVs™ scan rate for polycrystalline Pt
electrode in 0.5 M H,50, at 298 K together with a blank curve (black line). CO adsorption at
0.29 V vs. RHE for 20 min [21]

As the charge of the CO oxidation peak is taken as two electrons per CO molecule, the resulting
charge is approximately double of that corresponding to the hydrogen-desorption peak. ECSAco can
be calculated using the following equation:

ECSAco = (100 Qco) / (Qcofrery m) (6)

In Eg. (6), Qco/ UC is the charge calculated by integrating the area under CO desorption peak,
Qcoref) is the charge needed for oxidation of the monolayer of adsorbed CO on the platinum surface,
given as 420 uCcm2, and m is the mass of Pt loading (mg) indicating the amount of platinum on the
working electrode. CO stripping gives realistic ECSA on Pt-alloys, whereas ESCA based on HUPD is
usually lower [27].

Optimization approaches for PEMFC Cathode

Some approaches to optimizing Pt utilization in PEMFC cathode are described below:

Reducing Pt loading and decreasing Pt particle size

Typically, the performance of a catalyst layer (CL) has proportional relationship with the catalyst
loading. However, in the case of platinum, there is a challenge of enhancing CL performance while
decreasing Pt loading. In order to achieve this, reducing of particle size and improving Pt dispersion
on the catalyst support have been explored. As was already reported, the effective particle size of
Pt based catalyst is between 2 nm and 4 nm [28]. Since the percentage of exposed Pt decreases with
increase of Pt particle size, only 20-50 % of total Pt is available for catalytic reaction, what is far
below ideal dispersion.

Martin et al. [29] attempted to optimize electrode performance at significantly low Pt loading
(0.012 mg cm™) obtained by electrospray method. By optimizing control parameters (Nafion® content,
flow rate for electro-spraying catalyst ink and pressure for hot pressing MEA) they could achieve high
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PtUt of 20 kW g at 3.4 bar, a 70 °C. This is relatively high PtUt when compared to the previous of 3.3
kW g*[30]. Later on, the same team reported [31] further increase of PtUt to 30-35 kW g at low Pt
loading of 0.01 mg cm™, achieved by utilizing additional benefits of a microporous layer of carbon
nanotubes coated on GDL as the cathode catalyst support. The authors also observed that Pt
utilization remained unchanged for Nafion® content in the range of 30-50 %.

Wang et al. [32] fabricated MEA with low Pt loading of 0.022 mg cm™ at the cathode side by
simultaneously using electrospray and electrospinning (E/E) dispersion techniques, where they
introduced Nafion® and Pt using two separate needles to produce Nafion® nanofibers and platinum
nanoparticles (PtNP). Using this technique, they could regulate the size of fibers and loading of Pt
catalyst, what resulted in improved ECSA with excellent Pt utilization of 42 kW g* for H,/0; electrode
at 0.022 mg cm™ Pt cathode loading.

Alia et al. [33] developed a novel electrocatalyst using Pt/Pt alloy nanotubes (PtNT) and carried
out voltammetry measurements for every 6000 cycles to investigate durability and ORR activity.
They found that the electrode with cathode loading of 0.04 mg cm2 showed highest ECSA of 23.9 m?
gl with 127 % PtUt (Eq. 1) for which electrode porosity was stated as the reason.

Su et al. [34] combined ultrasonic spray coating technique and catalyst coated substrate (CCS) to
achieve low Pt loaded gas diffusion electrodes (GDE). Four electrode samples with varying Pt loading
(between 0.138 and 1.208 mg cm™2) were studied at 160 °C (air and Hx flow rate 250 and 100 cm3®min™),
while maintaining atmospheric conditions. As shown in Figure 3, they observed that current density
values increased with decrease in Pt loading of cathode electrode and found that the electrode having
0.712 mg cm™ Pt loading showed the highest current density values due to the highest ECSA. Therefore,
low Pt loading electrode means thin CL, when most of the catalyst is concentrated in the interface
between CL and electrolyte membrane, resulting in higher Pt utilization.
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Figure 3. CV profiles of GDEs with different catalyst loadings. Reproduced from [34]
with permission from Elsevier

Nabil et al. [35] electrochemically characterized the novel niobium carbide/carbon nano tubular
porous structure (NbC) as the catalyst support for PEMFC electrodes. Supports were prepared by
electrospinning and functionalized with Pt nano particles. The ORR activity and catalyst stability
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showed less ECSA for Pt/NbC/C (43 m?g) than for geometrically calculated surface area (90 m?2g?).
The less conductive Nb,Os was stated as a reason for lower PtUt. Also, 31 % retention in ECSA was
observed for Pt/NbC/C after 10,000 cycles when compared with commercial Pt/C (only 5 % retention).
The greater stability is attributed to the corrosion resistance of one dimensional NbC nanostructures.

The same group [36] using the same technique synthesized nanotubes with suitable properties as
the catalyst support for PEMFC cathode. 3 mm Pt particles were deposited on NbC nanotubes. From
electrochemical characterization, they observed less ECSA (43 m?g?) for 30 % Pt/NbC than for 50 %
Pt/C. Also, better stability was found for the novel support than commercial 50 % Pt/C, when ECSA of
both catalysts were equal. Summarized results for the above category are given in Table 2.

Table 2. Reducing Pt loading and decreasing particle size (PEMFC cathode)

Method / Technique / Support Pt loading, mg cm™ ECSA, m?2g?  PtUt,%  Reference
Electrospray 0.012 -- [29]
Carbon microporous layer (CMPL) 0.01 -- [31]
Electrospinning/Electrospray (E/E) 0.022 93.9 [32]
Porous PtNT 40 23.9 127 [33]
Ultra sonic spray coating technique 0.713 28.38 -- [34]
Electrospinning (Pt/Nb/C) 0.2 43 - [35]
Electrospinning (Pt/Nb/C) 30 % Pt 43 - [36]

Improving Pt dispersion

Dispersion of Pt on different carbon supports has been explored using various methods such as
impregnation-reduction, ion exchange (IE), micro emulsion-based synthesis, etc. The supports used
may include Vulcan, multiwalled carbon nanotubes (MWCNT), Vulcan XC-72R, carbon aerogel (CA),
BP2000, activated carbon, carbon cryogel and others. The objective of dispersion is to reduce
average Pt particle size and hence, to increase the catalytic surface area [37].

Bayrakceken et al. [38] deposited Pt nanoparticles of size 1-2 nm uniformly distributed on carbon
supports (Pt/VXR, Pt/MWCNT, Pt/BP2000) using super critical carbon dioxide deposition technique
(Figure 4).

;_g';;:-!.';' ‘ol RS e

Figure 4. HRTEM images of Pt particles on different carbon supports (a) Pt/VXR (b) Pt/MWCNT
and (c) Pt/BP2000. Reproduced from [38] with permission from Elsevier

s A

They achieved nearly three times higher ECSA (173 m? g for Pt/VXR) with the reduced Pt loading
when compared to a commercial catalyst (57 m?g). The authors assumed that even for smaller Pt
particles, the hydrophobic nature of carbon support makes Pt particles inaccessible for electrolytes.
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Here, the highest PtUt of 93 % was observed for Pt/MWCNT with ECSA of 130 m2g™. The observed
differences were due to variation in structure of carbon supports.

Fang et al. [39] deposited PtNTs on Vulcan XC-72 (VC) carbon black (CB) by employing the
homogeneous deposition technique with ethylene glycol (EG) (reducing agent) using polyol process
(HD-EG). They found higher ECSA of 78 m? g* with high Pt utilization of 78 % when compared with
the microwave (EG-MW) assisted polyol approach or conventional sodium borohydride (NaBHa)
reduction process. This highest Pt utilization (60 wt% on VC by HD-EG) was attributed to the
relatively small PtNP with improved particle dispersion creating more active sites for the anticipated
reactions.

Mroz et al. [40] used the pulse laser deposition (PLD) method for depositing catalyst films directly
on Nafion® membranes and GDL and achieved accurately controlled low catalyst loadings with
greater uniformity. Under various pressure ranges, electrodes were prepared and studied by varying
thickness of the catalyst film between 0.09 and 3.47 nm, in proportion to the laser pulses between
75 and 3000. At low cell voltage, the results revealed higher current densities and less transport
resistance of reagents when compared to cells with Pt catalyst placed on the Nafion® membrane. In
the case of high cell voltages, low currents were generated due to less active surface area of Pt
available for reactions. The authors stated that the efficiency can be further increased by growing
the contact area between electrolyte and catalyst and also by enhancing the reaction zone to
advance the passage of reagents.

Rost et al. [41] deposited Pt particles on carbon nanofibers (CNF) by employing the pulse plating
technique (PPT). They observed 3.1 times higher ECSA of 148.6 cm? mg! with CNF functionalization at
120 W for 10 min. The creation of the functional groups on fibrous surface of the nanoparticles and
graphene (Gr) is stated as the reason for smaller and homogenous dispersion of catalyst.

Huang et al. [42] used the impregnation method to synthesize highly dispersed Pt catalyst with
addition of centyltrimethylammonium bromide (CTAB) as dispersant at 300 °C. They prepared CL
samples with different Pt loadings and observed higher ECSA and high PtUt for the catalyst sample
with 4.12mg cm? dispersant concentration. The improved results were attributed to lypophilic alkyl
and hydrophilic amine groups of CTAB.

Lv et al. [43] synthesized the novel carbon mixed carbide-based catalyst support (SiC/C) to
improve electrochemical performance and catalytic activity of PEMFC cathode. They deposited Pt
catalyst on nano SiC/C particles and observed homogenous dispersion of Pt particles on nano-SiC
particles with evidently increased ECSA (48 m2g?) for Pt/SiC/C when compared to Pt/SiC (13 m?g).
The addition of carbon to Pt/SiC and uniform dispersion of Pt nano particles on the novel support
were attributed to the increased PtUt in ORR activity of PEMFC electrode. Summarized results for
the above category are given in Table 3.

Table 3. Improving Pt dispersion (PEMFC cathode)

Dispersion echnique dispersant  Catalyst support Pt loading ECSA, m?g!  PtUt, % Ref.

Pt/VXR 9.0 wt% 173 74

ScCO, Pt/CNT 9.9 wt% 130 93 [38]
Pt/BP2000 47.5 wt% 102 36

HG-ED CB 0.2 mgem 78 78 [39]

PLD CB 1.24 pg cm - - [40]

PPT Pt/CNF 1 mg cm? 148.6 - [41]

CTAB CTAB: 0.096 mg cm® 65.97 63.53 [42]

EG reduction method Pt/SiC/C 20% 48 [43]
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Structural modification of catalyst layer

Catalyst layer needs to be designed in order to ensure effective movement of electrons, protons,
reactant gas, and water through a porous medium. Structural modification of CL aims to improve
mass transport, decrease interfacial resistance between catalyst layer and gas diffusion layer,
enhance catalyst utilization, and reduce Pt loading [44].

Su et al. [45] replaced the conventional double catalyst layer (DCL) with a novel double carbon
layer (NDCL) cathode with high Pt content for inner layer and low Pt content for outer layer. Five
cathodes (NDCL-1 to NDCL-5) with different Pt distribution ratio of inner and outer layers were
prepared (Table 4).

From CV (Figure 5), better ECSA for the novel DCL than single catalyst layered (SCL) and
conventional DCL catalysts can be observed. The highest ECSA of 81.4 m?g! was recorded for NDCL-
2 having the same inner and outer layer thicknesses, which was attributed to the reduced mass
transport resistance. Further, the reduced catalyst and Nafion® content in outer layer was proved
beneficial for ORR and water removal.

Table 4. Five DCL cathodes with different inner and outer Pt distribution ratios [45]

Novel double catalyst layer cathode NDCL-1 NDCL-2 NDCL-3 NDCL-4 NDCL-5
Pt distribution (inner : outer) 9:1 8:2 7:3 6:4 5:5
Lout/Lin (estimated value)? 0.44 1 1.71 2.78 3.91

2L out: outer catalyst layer thickness, Li,: inner catalyst layer thickness.
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Figure 5. CVs for MEA with single, conventional double and novel double catalyst layered
cathode structures. Reproduced from [45] with permission from Elsevier
(ESCA is marked as EASA on the graph

Qiu et al. [46] developed a novel cathode structure (NCS) having double catalyst layer with
reduced Pt loadings of 0.23 mg cm2and 0.11 mg cmfor inner and outer CL, respectively (Figure 6).
The NCS was provided with hydrophobic and hydrophilic regions. It was observed that rich small
pores of the outer layer provided efficient electrochemical active surface with the reduced GDL
interfacial resistance, improving thus mass transfer. The compact structure of the inner layer
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provided more active catalyst sites, resulting in improved migration of protons towards the
membrane. The results showed 50 % Pt utilization for the developed NCS which was 28 % higher
than that of traditional catalyst structure (TCS).

-

menthrane inner CL outer CL GDL
Figure 6. Schematic of novel cathode structure (NCS). Reproduced from [46] with permission from Elsevier

Avcioglu et al. [47] made an attempt to explain the significance of CL in water management since
CL impacts water balance, while water flooding leads to mass transfer limitation at high current
densities. To enhance durability performance and to ensure efficient thermal and water
management in the components of PEMFC, the authors constructed a mesoporous hydrophobic
channeled catalyst layer by addition of poly(tetraflouroethylene) (PTFE) nanoparticles and
employing a two-step catalyst preparation method. By electrochemical characterization of three
different types of catalyst viz., Pt/C, Pt/C-Nafion®, Pt/C-Nafion®/PTFE, it was found that addition of
PTFE to the catalyst diminished Pt agglomeration, but reduced ECSA and PtUt of Pt/C-Nafion®/PTFE.
It was concluded that higher ECSA (77 m? g%) was observed for Pt/C catalyst because of increased
total catalyst surface area. The ECSA (70 m?g?) of Pt catalyst with Nafion® (Pt/Nafion®) was slightly
reduced, but PtUt was improved due to formation of Pt agglomerates by Nafion® addition. The ECSA
of Pt/Nafion®/PTFE, however, was only 45 m?g1and PtUt was 56 % with enhanced diffusion process
in the catalyst layer. Disruption of TPB, active sites blockage and increased average pore diameter
were stated as the consequences of PTFE addition.

In order to overcome kinetic loss occurring at low Pt loading, Breitwieser et al. [48] employed a
direct membrane deposition technique (DMD) in MEA fabrication process, wherein the
conventionally free-standing membrane was replaced by two 8-15 um thin ionomer layers with low
Pt loading of 0.102mg cm™ on anode and 0.029 mg cm™ on cathode, respectively. At 300 kPaabs of
total pressure and under oxygen atmosphere, the DMD fuel cell yielded a maximum power density
of 2.56 W cm with very high PtUt of about 88 kW g*. This value was 2.3 fold higher than that of a
commercial Nafion N-211 membrane reference fuel cell. The high PtUt efficiency was attributed to
the novel DMD fabrication technique, which favored lower ionic resistance and improved power
density in the high current density range.

To reduce Pt loading, Kaplan et al. [49] developed Pt alloys and core-shell structures. They
synthesized two carbon supported Pt-surface enriched nano sized (Pt-SENS) catalysts and
performed characteristic studies with a partial Pt shell and low-cost ruthenium (Ru) and iridium (Ir)
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metal cores. Instead Pt loading of 48 mg cm™ for commercial Pt catalyst, they used Pt loading of 14
mg cm2 for Pt/Ir/XC72 and 19.5 mg cm™ for Pt/Ru/XC72 prepared electrodes. ECSA of 29 m?2 g ! was
obtained for Pt/Ru/XC72 catalyst using CO-stripping method, while 26 m? g™ for Pt/Ir/XC72 and 48
m2 g™ for 50 % wt Pt/C were obtained by HUPD method. It was concluded that Pt-surface-enriched
structure increased availability of Pt particles for the catalytic reactions.

Chen et al. [50] designed a new gradient cathode with appropriate Pt/C ratio gradient direction
(70 wt% inner side and 40 wt% outer sides) and Nafion® gradient span (33 wt% inner side and
23 wt% outer sides). Thisimproved both Pt utilization and mass transfer, thus significantly improving
the performance. Especially under low humidity, the performance of appropriate gradient MEA was
135.7 % higher than the MEA with SCL cathode at 20 % relative humidity. It also provided better
water management, improved proton conductivity in cathode, and showed lower ohmic resistance
and charge transfer resistance. Summarized results for the above category are given in Table 5.

Table 5. Structural modification of catalyst layer (PEMFC Cathode).

Novel Cathode Structure Pt Loading ECSA, m2g? PtUt, % References
NDCL 0.2mg cm™ 81.4 - [45]
NCS 0.4mg cm? 35.42 50.56 [46]
Pt/C 21 wt% 77 75
Pt/C-Nafion® 13 wt% 70 99 [47]
Pt/C-PTFE 8 wt% 45 56
DMD 29 ug cm™? 88 kW gpt (48]
Pt/Ru/XC72 19.5 pg cm 29 -
2 [49]
Pt/Ir/XC72 14 pug cm 26 --
Pt/C &Nafion® ratio 200 pg cm? 8.4 -- (50]

Optimization of catalyst parameters

High Pt utilization can be achieved by optimizing various catalyst layer parameters such as Nafion®
content, Pt loading, Teflon content, catalyst layer and carbon support thicknesses, etc. [51].

Cheng et al. [52] investigated the effect of Nafion® and PTFE on PtUt for two catalyst layers: a) E-
TEK electrode/GDE prepared using immersion method where Pt is impregnated with Nafion®and b)
thin film catalyst layer (TFCL) prepared by blending Nafion® and Pt catalyst. PtUt of 77.8 % and 45.4
% were observed for the first and the second catalyst layer, respectively. It was concluded that while
the catalyst particles are provided with sufficient passage ways for the transfer of protons in the
first case, the thin film catalyst layer experienced lack of conduction because of the blockage of
passage ways by the Nafion® solid.

Antolini et al. [53] investigated the effect of Nafion® loading on ORR at PEMFC electrode. They
observed that the electrode exhibited poor electrolytic conductivity at low Nafion® loading and that
ECSA increased with increasing content of Nafion® (Figure 7). The introduction of Nafion®is stated to
improve the active surface area, resulting in better transport of protons through the electrolyte.

Sasikumar et al. [54] investigated the dependence of Nafion® content on Pt loading. Electrodes
were prepared with different Pt loadings (0.5, 0.25, 0.1 mg cm) and different Nafion® ionomer
contents (20, 30, 40, 50, 60 wt%). The highest PtUt (52 %) was obtained at 40 wt% Nafion® content
for Pt content of 0.25mg cm. The authors concluded that Nafion® content must be determined by
Pt loading and the fabrication technique used. The electrode performance was found to improve
with enhancement of Nafion® content up to 40 %, but further increase in Nafion® content reduced
the performance. The reasons attributed to this effect are blockage of Pt sites, decreased gas
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permeability and augmented mass transport polarization. The increased distance for gas
permeation, diffusion and migration are stated as reasons for transport limitation.
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Figure 7. ECSA (marked as ESA on the graph) variation with Nafion® loading in the CL (20 wt%
PTFE/C on DL, 0.2mg cm™ of Pt in CL). Reproduced from [53] with permission from Elsevier

Jiang et al. [55] studied the effect of thickness of carbon supported Pt catalyst layer in ORR using a
thin film rotating disc electrode. Various catalyst layer thicknesses (0.25, 0.5, 1.0, 2.0, 4.0, 8.0 mm)
were examined. The highest PtUt (77.9 %) was observed for 8.0 mm film. It was concluded that ECSA
tends to increase with increasing thickness of the catalyst layer, showing more activity towards ORR
accordingly.

Bayrakceken et al. [56] used super critical CO, deposition to prepare Vulcan supported Pt catalyst
(Pt/Vulcan) and studied the effect of thermal reduction. Samples with Pt loading of 9 %, 15 %, 35 %
were produced and ECSA were investigated using CV. The order of ECSA was found as follows:
Pt/Vulcan 35 % < Pt/Vulcan 15 % < Pt/Vulcan 9 %. Although ECSA for Pt/Vulcan 15 % was found
higher than for Pt/Vulcan 35 %, the PtUt was lower. This difference is, however, quite small (58 %
vs. 62 %) and is not considered significant related to the uncertainty in both the calculated and the
measured average Pt particle sizes. The difference in ECSA between Pt/Vulcan 15 % and 35 %
catalysts is attributed to the differences in the Pt particle sizes, since ECSA Pt values differ by a factor
of approximately 1.5.

Using plasma dc-magnetron sputtering technique, Khan et al. [57] studied the conical nanopillar
structured Pt catalyst sputtered on the cathode with argon pressures of 0.05, 0.1, 0.5 mbar and at Pt
loading range of 0.05 - 0.2 mg cm™. They observed high ECSA for the catalyst nanopillar deposited at
0.5 mbar at low Pt loading of 0.05 mg cm™. It was concluded that the deposition of uniform conical
nanopillars on the electrode at high pressure improved catalytic activity and led to higher PtUt.

Slavcheva et al. [58] studied the effect of sputtering parameters (film thickness, argon pressure, dc-
sputtering power) on thin films deposited by dc-sputtering technique. At low sputtering power (120—
130 nm thick Pt films, 6 mTorr argon pressure, 100 W dc power), they found a stable and crystalline
catalyst film with thickness between 120-130 nm, with large ECSA and PtUt. It was concluded that
ECSA increased with increase of film thickness and improved the electrochemical activity towards
ORR.
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Wang et al. [59] studied the influence of PTFE on electro spun/electro sprayed (E/E) MEA. They
introduced only 1 wt% PTFE to the process which resulted in PtUt of 0.076 g kW at only
0.094 mg cm? Pt loading. The improvement was attributed to enhanced hydrophobicity of the
nanofibers which increases mass transfer and overall performance.

Speder et al. [60] studied the effect of Pt/carbon ratio on degradation of PEMFC catalyst. They
used a colloidal synthesis approach for Pt/Vulcan and Pt/KetjenBlack catalysts using accelerated
stress test (AST) in half cells. It was concluded that the loss in ECSA due to AST treatment depends
on carbon support and Pt loading.

Zhao et al. [61] investigated the impact of pore size of FDU-15 (two-dimensional hexagonal
ordered mesoporous carbon (OMC)) supported Pt catalyst by adopting a soft-template method.
Samples with four different pore sizes ranging from 4.0 nm to 8.1 nm were prepared by the addition
of pore expanding agents. By impregnation method, Pt catalysts were prepared using FDU-15
samples as catalyst supports and reducing agent, EG. CV and linear sweep voltammetry (LSV)
measurements illustrated that catalyst with a pore size of 6.5 nm showed the highest ECSA (70.2 m?
g1). It was also observed that Pt particle size is reduced with increase in pore size up to 6.5 nm and
remained unchanged with further increase in pore size.

Kim et al. [62] examined the effect of diffusing solvents with varying main chain mobility of Nafion®
to demonstrate large influence on Nafion® agglomerates, morphology and other properties such as
proton conductivity and water uptake. The MEA synthesized from the dimethyl sulfoxide based
isopropyl alcohol (IPA) and N-methyl-2-pyrrolidone (NMP)-based catalyst inks presented ECSA of 40.9,
43.0 and 52.5 m?g?, respectively. The introduction of diffusing solvents resulted in better diffusion of
Nafion® into Pt/C aggregates, bringing more Pt particles in contact with Nafion® thereby increasing
the catalytic activity at reduced current density.

Ruengkit et al. [63] investigated the influence of GDL properties (type of material (carbon paper
(CP), carbon cloth (CC)), thickness, PTFE content and presence of micro porous layer (MPL)) on ECSA
of Pt electrodeposited layer and fuel cell performance. Pt catalyst was electrodeposited by dc current
onto GDL, with CC and CP of different thicknesses and hydrophobicity, and with and without presence
of MPL. Despite their morphological differences, relatively similar ECSA (~120 m? g'! Pt) were obtained,
while better performance for CC at higher current densities is due to its lower resistance and higher
porosity. Pt deposited on a very thin GDL (90 um) or GDL having high PTFE content (=30 %) or
containing MPL, consist of non-uniform particles distributed unevenly on the GDL surfaces, resulting
in low ECSA (€120 m? g Pt) and FC performances (i<210 mA cm). Pt electrodeposition on the CC
having low PTFE content (10 %) produced small and uniform Pt particles distributed evenly throughout
the GDL surfaces resulting in highest ECSA (193 m? g Pt). The same phenomenon was also observed
for the two-layered GDL, which is attributed to the absence of the hydrophobic sublayer in the post-
treatment of the GDL. It was concluded that selection of GDL as the fuel cell electrode is crucial when
Pt catalyst is prepared by electrodeposition.

Egetenmeyer et al. [64] investigated electrodeposition of cathode catalyst layer using the plasma
process. At different catalyst loadings and plasma durations, nanostructured Pt and Pt3Co cathodes
were prepared with varying quantity of ionomer and its distribution in the cathode catalyst layer (CCL).
There was an increase of ECSA in comparison with the untreated substrate. ECSA increased with
increase in the plasma treatment duration up to 23.1 m?g? (highest) after 15 min plasma treatment,
which is indicative of the deposition of smaller Pt particles on the electrode. Summarized results for
the above category are given in Table 6.
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Table 6. Optimization of catalyst parameters (PEMFC cathode)

Parameter/Variable/Method Pt Loading, mgcm? ECSA, m2g! PtUt,% Ref.
TFCL 63.6 454

GDE 0.4 -- 77.8 [(52]
Nafion® loading 0.2 115 -- [53]
Optimum Nafion® content 0.25 648 cm? 52 [54]
Thickness of CL 0.256 91.1 77.9 [55]
Thermal reduction(ScCO,) 0.028 173 74 [56]
dc-sputtering parameters 0.05 106.10 -- [57]
dc-magnetron sputtering parameters 47.09 cm? 93.62 [58]
Effect of PTFE on electro spun /electro sprayed MEA 0.094 81 [59]
Platinum loading 14 126.5 - [60]
Pore size on OMC/FDC-15 2 70.2 - [61]
Solvent effect (NMP) 0.2 52.2 - [62]
Effect of GDL thickness 0.25 193 - [63]
Plasma process 0.3 23.1 - [64]

Improving the performance of Pt support materials

The selection of appropriate support materials plays a key role in enhancing the overall perfor-
mance of PEMFC and DMFC. Characteristics of good support material include presence of surface
functional groups that promote catalyst-support interaction, mesoporous structure which improves
triple phase boundary (TPB), good electrical conductivity and electrochemical stability, high surface
area and corrosion resistance. Typically, conductive and porous membranes are known to possess
above mentioned features and are therefore preferred as support materials for Pt catalyst [44].

Existing research reveals that use of carbon-based support with various structural and
morphological properties improved stability and electrocatalytic activity of catalyst. In addition,
mass transfer and electronic conductivity in CL are also found to be enhanced at carbon supports.
Some of the novel carbon-based support materials investigated so far are carbon nanofibers (CNF),
ordered mesoporous carbons, carbon aerogels, carbon nanohorns, carbon nanocoils and carbon
nanotubes (CNT) [44].

In this connection, Zhao et al. [65] demonstrated that nearly 100 % of Pt can be exposed to
catalytic activity by using gold nanoparticles as Pt catalyst support (AuPt). ECSA measurements were
carried out on Vulcan XC-72 CB samples by varying Pt and Au ratio. Prominent enhancement of ECSA
and Pt utilization was observed when Pt/Au ratio becomes lower than 0.2. Further decrease of Pt/Au
ratio to 0.05 or less, makes ECSA and PtUt to increase up to 100 %. This approach ensured uniform
dispersion of Pt particles and prevented pocketing in the micropores of supported material, making
thus Pt particles efficient for ORR.

Kongkanand et al. [66] and Orfanidi et al. [67] elucidated use of carbon nanotubes (SWCNT) and
(MWCNT) as Pt catalyst supports. Pt particles supported on SWCNT showed lower ECSA
(17.8 m?g?!) than the commercial carbon support (33.5 m2g™?) with 10 mV shift in the onset potential
for ORR. They inferred that the commercially available Pt has better distribution of Pt nanoparticles
than the one developed in the lab with SWCNT. Pt supported on MWCNT, however, showed
improved ECSA of 78.4 m? g1 with 84 % PtUt. Higher ECSA and better catalytic utilization were
attributed to uniform dispersion and narrow particle size distribution (2.5 to 4 nm).

Instead of using pure SWCNT, Zhu et al. [68] used a mixture of SWCNT and carbon nanofibers (CNF)
at 1:3 (SF13) and 1:5 (SF15) ratios (Bucky paper) to prepare a novel catalyst. They observed reduced
ECSA due to larger Pt particle size (6 nm) than of commercial catalyst support (2 nm). However, PtUt
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of 88 % and 84 % for SF13, SF15 were observed which was ascribed to availability of the catalyst
particles at electrolytic and electronic pathways of the Bucky paper electrodes.

Kou et al. [69] investigated the properties of functionalized graphene sheets (FGS) as the cathode
catalyst support, mostly because of higher conductivity, high surface area and low manufacturing cost
with unique graphitized basal plane structure. Results revealed higher initial ECSA (109 m? g) with
improved stability when compared to the commercial catalyst (E-TEK, 75 m?g™?). This was attributed
to smaller Pt particle size of 2 nm and less extent of Pt nanoparticles agglomeration on FGS.

Salernitano et al. [70] used the controlled plasma improved chemical vapour deposition (CVD)
technique to deposit Pt nanofibers on a support made from carbon nano fibers (CNF). Electrodes
were prepared with different structures of CNF, by changing the orientation of graphene layers in
relation to the fiber axis. This resulted in availability of large number of active sites for catalyst
nanoparticles. Due to the controlled morphology grown of graphite paper, they found higher ECSA
(225 m? g'!) with improved PtUt at reduced Pt loading (0.018 mg cm™).

Huang et al. [71] used conductive titanium oxide as Pt catalyst support and investigated Pt/TiO>
durability and stability using in-house potential cyclic experiments. Although initially, the Pt/TiO;
(31.2 m?g) showed less ECSA than Pt/C (56.4 m?g), it continued to remain stable even after 4000
cycles with minimum loss in ECSA. On the contrary, Pt/C showed no activity after 2000 potential
cycles owing to Pt dissolution, carbon corrosion and Pt particles sintering. ECSA was calculated after
2500 cycles and observed larger ECSA for Pt/TiO; than Pt/C catalyst.

Song et al. [72] developed the novel compound carbon supported Pt catalyst (Pt/CCS) by
introducing ultra-fine porous carbon fibre (UPCF) powder to commercial Pt catalyst as a second
carbon support. Partially supported Pt catalyst JM-40 catalyst with particle size 3.4 nm was
combined with UPCF. Using CV measurements, it was observed that Pt/CCS-20 showed the highest
PtUt with ECSA 71.9 m?g™.

Sanli et al. [73] used reduced graphene oxide (rGO) and carbon black hybrid material as Pt sup-
port and fabricated a novel cathode structure for PEMFC. Using electrospray technique, they syn-
thesized platinum/reduced graphene oxide (Pt/r-GO) electrocatalyst and platinum/reduced
graphene oxide/Vulcan XC-72, Pt/r-GO/VXC-72, hybrid electrocatalyst with 50 wt% r-GO. Comparing
the results with air-sprayed electrode, it was observed that Pt supported on the hybrid support (Pt/r-
GO/Vulcan XC-72) showed higher PtUt efficiency with relatively low Pt loading. This enhancement
of the electro-sprayed hybrid electrode was credited to facile proton and oxygen transport to the
catalytic sites, what resulted from electrode morphology and hybrid support structure. Thus,
efficient diffusion of reactant gases to the catalytic sites was achieved.

Singh et al. [74] used carbon aerogel which was synthesized by impregnating Pt nano particles
using the microwave assisted polyol process. Performance and stability were investigated, and
results compared with those for commercially available Pt/C (JM-20) having the same Pt loading.
ECSA of 73 and 56 m? g for Pt/CA and commercial JM-20, respectively were obtained. It was
concluded that good utilization ratio of 82 % could be due to the conducting and mesoporous CA
support which has significant role in improving Pt activity and Pt utilization.

Lori et al. [75] employed the modified polymer-assisted deposition (mPAD) technique and
synthesized molybdenum carbide (Mo;C) nano-crystallites without free carbon and used them as
the catalyst support, showing ECSA of 28.4 m? g’. The reason for low ECSA was attributed to
formation of aggregates during deposition, making Pt particles inaccessible for reactions.

Ignaszak et al. [76] studied titanium carbide (TiC) and core shelled TIiC@TiO, material as catalyst
supports for Pt and Pt3Pd alloy (Pt/TiC, PtsPd/TiC, PtsPd/TiC@TiO;) for ORR activities. They observed
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close values of ECSA (40, 41 and 37 m?g™) for all three catalysts with no significant difference in
electrochemical features. However, PtsPd/TiC@TiO; retained its activity after 500 cycles, while
significant loss of activity was noticed for Pt/TiC and Pt3Pd/TiC.

To overcome the drawbacks of carbon supports of PEMFC electrodes, Lobato et al. [77] prepared
MEAs with two non-carbonaceous catalyst supports, SiC and SiCTiC, for PEMFC cathode side and
compared the electrochemical performance with carbonaceous support. They observed that
catalyst supported on novel materials (Pt/SiC, Pt/SiCTiC) showed excellent electrochemical stability
towards environmental corrosion, what was attributed to higher catalyst particle size. Also, at the
end of 400 cycles, less ECSA degradation of 19.7 % for Pt/SiC and 17.01 for Pt/SiCTiC was observed
when compared to commercial (31.09 %) and homemade (29.82 %) catalysts.

In an effort to find better alternative to carbon support for PEMFC catalyst, Shahgaldi et al. [78]
synthesized a novel nano composite, titanium encapsulated in carbon nanosperes and carbon
titanium core shell structures as cathode catalyst supports, using simple and less costly
hydrothermal method. They prepared 10 % and 20 % TiO; encapsulated carbon (EC-10, EC-20) and
core shell structures (CS-10, CS-20). The electrochemical study revealed that 10 % TiO; samples (EC-
10, CS-10) showed higher ECSA (414 and 440 m? g!) than EC-20, CS-20 (280 and 180 m? gl),
suggesting the effect of TiO, amount on the active surface area.

Using a new synthesis method, Borchardt et al. [79] prepared Pt metal containing silicon carbide
derived carbon (CDC-Pt). They reported high ECSA (66 m? g) for the synthesized catalyst than
conventional Pt/C catalyst and concluded that the deposition of Pt nanoparticle onto carbon matrix
provided long term stability with superior corrosion stability. Summarized results for the above
category are given in Table 7.

Table 7. Carbonaceous and non-carbonaceous electrocatalysts support materials (PEMFC cathode)

Catalyst support Pt Loading,mg cm™ ECSA, m?g? PtUt,% Ref.
Gold Nanoparticles(AuPts) 0.012 234.1 99.5 [65]
Single Wall Carbon Nanotubes(SWCNT) 0.014 17.8 -- [66]
Multiwalled Carbon Nanotubes(MWCNT) 0.005 78.4 84 [67]
Buckypaper 0.09, 0.14 43.3,39.2 88, 84 [68]
Functionalized graphene sheets(FGS) 20 wit% 109 -- [69]
CarbonNanoFibers (CNF) 0.3 225 -- [70]
Titanium oxide 0.4 31.2 - [71]
Ultra Porous Carbon Fiber (UPCF) 0.35 71.9 87.2 [72]
Pt/rGO/CB (H75) (hybrid support) 0.5 102 [73]
Carbon Aerogel(Pt/CA) 0.4 73 - [74]
Molybdenum Carbide(Pt/Mo,C) 0.096 28.4 - [75]
TiC, TIC@TiO,(Pt-TiC, PtsPd-TiC-TiO,) 0.048 40, 36 - [76]
SiC, SiCTiC (Pt/Sic, Pt/SiCTiC) 0.6 13.36, 13.20 [77]
TiO,, C-TiO;, (Pt/TiO,,Pt/C-TiO>) 0.1 414, 440 [78]
Si —CDC (Silicon carbide derived carbon) 12 wt% 66 [79]

Developing Pt metallic alloy and Pt-free catalysts

Pt metal is alloyed with other elements to decrease the overall cost of electrodes. Several studies
have been performed to obtain nearly equivalent or better catalytic activity through the
introduction of Pt based binary systems such as Pt-Ni, Pt-Fe, and Pt-Co by varying the proportion of
Pt and the alloying metal. In addition, the performance of some Pt free catalysts has also been
explored [80,81].
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Using simple chemical reduction method, Wu et al. [82] prepared 20 wt% Pt and nickel (Ni)
catalyst with XC-72 conducting furnace black (PtNi/XC-72) and graphene (PtNi/graphene) as carbon
supports. From results of chemical characterization, they found that ECSA of catalyst samples are in
the following order: Pt/XC-72 < PtNi/graphene < PtNi/XC-72.

Owing to their special electrical properties, PtNi/XC-72 and PtNi/graphene electrodes showed
better catalytic activity towards oxygen reduction when compared with Pt/XC-72. PtNi/graphene
showed better performance than PtNi/XC-72. Due to enhanced catalyst carbon interaction and high
graphite component, graphene has the potential to provide much higher durability than XC-72.

Sahoo et al. [83] synthesized doped porous carbon (DPC) with nitrogen and sulphur in a simple
and green one-pot process from ionic liquid as the sole source precursor and used as the non-Pt
cathode catalyst in PEMFC. The results of half-cell and full cell studies were compared with Pt
decorated DPC (Pt/DPC). The ECSA for Pt/DPC and commercial Pt/C after ignoring the role of electric
double layer formed between electrode and electrolyte, were 46.88 and 112.34 m? g'! with Pt
utilization efficiency 98.2 % and 60.2 %, respectively. The even distribution of Pt nanoparticles over
high surface area and porous support of doped carbon material is stated as a reason for 2.5 times
higher ECSA for Pt/DPC when compared to commercial Pt/C.

Wang et al. [84] synthesized a variety of Pt—Ni alloy catalysts by potentiostatic electrodeposition.
They use an orthogonal array to optimize deposition parameters. Particularly, the electrochemical
performance of Pt—Ni alloy catalysts was optimized by dealloying treatment experiment conducted at
0.35V, 20 min at 50 °C. The results indicated that the deposition time has the most significant impact
on the performance of Pt—Ni alloy catalysts. The prepared sample (Pt-Ni) showed the highest ECSA
value of 81.7 m? g with the catalyst loading of 0.329 mg cm™? (Pt loading of 0.3 mg cm2, Ni loading of
0.029 mg cm?). Pt—-Ni catalysts were dealloyed by rapid potential cycling, which resulted in a
significant refinement of morphology and enhancement of electrocatalytic activity. The sample with
low Ni atomic ratio was not suitable for the rapid dealloying treatment.

Pt—Cu (platinum copper alloy) has been studied as a catalytically active material with high surface
area, porous platinum structure and hydrogenation promoting property [85].

Bele et al. [86] demonstrated the application of stable and highly active PtCus nanoparticles on
the carbon support. The Pt-skin PtCus alloy catalyst was fabricated with core shell nanoparticles
having intermetallic ordered shell at a disordered core that is tightly embedded into a carbon
support. Consistent ECSA of about 45 m? g! is reported with utilization much higher than those
already reported in the literature for 3 nm Pt nanoparticles on high surface area carbon supported
electrodes. The thermal annealing enables Pt-skin and intermetallic orderings, which are favorable
for enhanced activity. The stability is attributed to the firm embedding of Pt-Cu into a
heterogeneous carbon matrix caused by the partial oxidation and xerogelation.

Mani et al. [87] proposed the technique of surface dealloying as an effective strategy to modify
the surface electrocatalaytic properties of platinum. The copper (Cu) surface atoms are dealloyed
from Pt25Cuys alloy precursor compound by electrochemical dissolution (voltammetric dealloying to
prepare the active catalyst phase). This novel catalyst yielded an ECSA of 75 m2g™.

Hong et al. [88] fabricated a novel electrode, Pd/C@Ptsin (C-U), with electrospun structure by using
electrospinning and under potential deposition (UPD) techniques. By in situ deposition of Pt on the
surface of Pd-NP in the electrospun Pd/C catalyst layer, they observed that almost all Pt shells become
accessible for reactant gases and TPB is optimized with Pt loading of 19 mg cm™. The C-U electrode
delivered higher peak power density (0.62 W cm2) than conventional electrode (0.55 W ¢cm™) at Pt
loading of 100 mg cm™2. Owing to the nearly 5-fold Pt loading, the conventional electrode showed
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better performance than C-U electrode at low current density, however at high current density there
was a significant loss of voltage. This was due to the increased oxygen transfer resistance close to Pt
surface. Summarized results for the above category are given in Table 8.

Table 8. Developing Pt metallic alloy and Pt-free catalysts

Pt metallic alloy & Pt free metal Pt loading, mg cm™ ECSA, m?g? PtUt, % References
PtNi/XC-72 0.2 93 - [82]
Pt/DPC 0.2 112 98 [83]
Pt- Ni alloy 0.3 81 - [84]
Pt-CU; 0.025 45 - [86]
PtzsCU75 0.169 75 - [87]
C-U electrode 330 92.3 - [88]

Optimization approaches for DMFC cathode

Some approaches for optimizing Pt utilization in DMFC cathode are described below.

Reducing Pt loading and decreasing Pt particle size

Wang et al. [89] observed that addition of NaOH to aqueous Nafion® solution suppressed
aggregation of large particles and led to smaller agglomerate particle size with uniform distribution
of Pt elements in the cathode catalyst layer. Further, they obtained improved ECSA (13.94 m? g?)
and better performance in DMFC.

To enhance Pt utilization, You et al. [90] adopted multi step reduction, Pt/C-nR (n = number of
reduction steps), to synthesize Pt catalyst with ultra-high Pt loading up to 85 %. CV results revealed
that Pt/C-2R catalyst exhibited higher PtUt of 90 % when compared to Pt/C-1R (60 %) with the same
Pt loading. Although Pt particles size appears to be larger for Pt/C-1R than Pt/C-nR, the stacked
microstructure in Pt/C-1R is stated to favor higher PtUL.

Wang et al. [91] investigated electrochemical oxidation of methanol and reduction of oxygen on
the commercial Pt/C catalyst. High catalytic current was observed for ORR with ECSA of 41 m?g™.

To improve DMFC performance, Pu et al. [92] utilized fabricated Pt nanorod assemblies in double
layered cathode with a catalyst loading of 1.0 and 2.0 mg cm™ and observed significant increase in
ECSA (35.5 m? g!) and catalyst utilization. The improvement in performance is attributed to the
reduction of charge transfer resistance in DMFC, enabling more efficient Pt loading and improving
performance of MEA. The increased ECSA is attributed to the reduced size of Pt particles, loose
construction of Pt nanorods and embedding of nanorods in the catalyst layer.

Optimization of catalyst parameters

Krishnamurthy et al. [93] studied the performance of DMFC by varying the content of Nafion® in
anode CL while keeping it constant on cathode. The optimized results showed the highest catalyst
utilization of 65 % at 0.8 Nafion® to carbon (N/C) ratio. Further increase of Nafion® content was
reported to result in pore blocking of the catalyst layer which leads to decrease in performance of
DMEFC.

Krishnamurthy et al. [94] studied the influence of PTFE content of anode and cathode CLs on
DMFC performance. They examined 5, 10, 20, 30 % PTFE content in cathode CL with anode having
constant PTFE content of 20 %. They observed the highest catalyst utilization of 65.54 % for 20 %
PTFE and concluded that 20 % PTFE content in the cathode catalyst layer resulted in the maximal
catalyst utilization. They also concluded that further increase in PTFE content to 30 % leads to the
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blocking of pores of CL, thus reducing oxygen transportation and water removal. The same authors
[95] also studied the catalyst utilization by varying Nafion® content. 20 % Pt/C, 40 % Pt/C and
platinum black were used as cathode catalysts and the Nafion® content was optimized for each.
Based on CV results, the highest value of catalyst utilization of 65 % for 33 % constant Nafion®
content with 40 % Pt/C catalyst layer was obtained. No significant influence of Nafion® content on
platinum black catalyst was also observed.

Matar et al. [96] investigated the effect of thickness of cathode catalyst on DMFC performance.
They considered 8.4 um thickness layers as standard/base thickness for both anode and cathode
with same Pt loadings. Two additional cathode catalyst layers with 19 and 44 um were examined.
The authors observed decrease of ECSA as thickness of cathode catalyst layer increased and found
higher ECSA of 282.88 cm? mg™! for the standard/base case (8.4 um).

Using citrate stabilized method, Jiang et al. [97] prepared 60 % Pt/C catalyst by varying carbon
supports and reductants (Pt/XC-72, Pt/BP2000, Pt/XC-72R). They observed that Pt/BP2000 support
resulted in higher ECSA (66.46 m? g!) with improved catalyst utilization. The difference in
performance was attributed to the addition of chloroplatinic acid solution to citrate which
contributed to formation of small Pt particles corresponding to large specific surface area with high
ECSA and catalytic activity.

Moore et al. [98] investigated catalytic activity of DMFC in terms of morphology of porous
cathode catalyst substrate. They synthesized three electrocatalysts, i.e. Pt/C-Celatum (a macro
porous carbon substrate), Pt/CMK-3 (a mesoporous carbon substrate), and Pt/Vulcan XC-72 (a micro
porous carbon substrate). After CV studies, they observed major variation between active surface
area and total surface area for Nafion® impregnated sample (Pt/C-Celatum). It was concluded that
the difference is due to reduced contact between Nafion® electrolyte and catalyst surface, blockage
of the pores, and poor accessibility of protons between crystalline platinum and carbon substrate,
which all led to low Pt utilization.

Zhao et al. [99] employed an electrochemical technique to investigate the influence of Nafion®
ionomer content (10, 20, 30, 40, and 50 wt%) catalyst layers on the cathode performance. They
found the highest ECSA (27 m? g') and catalyst utilization (40 %) at 30 wt% Nafion® content with
less difference between the highest and lowest ECSA and concluded that Nafion® content has less
effect on ECSA and PtUt in 10-50 wt% range. Figure 8 illustrates the effect of Nafion® content on
ECSA and Pt catalyst utilization.
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Figure 8. Effect of Nafion® content on Pt utilization and ECSA (marked as ESA on the graph).
Reproduced from [99] with permission from Elsevier
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Using various novel catalyst support materials

Wang et al. [100] fabricated DMFC cathode using high surface area SWCNT (Pt/SWCNT) to
increase the triple phase boundary sites. Pt/SWCNT was prepared using ion exchange (IE) method
and the performance with borohydride (BH) synthesis method was compared. They observed
improved Pt utilization and concluded that entire catalyst particles were loaded on SWCNT support,
being well dispersed (by IE method) and electrochemically active.

Chen et al. [101] used microwave digestion modified carbon nanotubes (CNT) on CC as the
catalyst support. Larger ECSA than the others were found, which is attributed to higher Pt dispersion
and uniform distribution of Pt nanoparticles.

Yaldagard et al. [102] studied the performance of Pt electrocatalyst supported on the protonated
polyaniline (PANI) coated tungsten carbide (WC) nano composite and compared the results with the
commercial Pt/C electrocatalyst. High Pt utilization of 77 % compared to the commercial one was found,
and this improvement was attributed to the synergic effect between Pt nanoparticles and WC.

Jafri et al. [103] synthesized nitrogen doped graphene to support Pt catalyst. They used MWCNT
spacer to remove face to face agglomeration, what cleaned graphene sheets. Two types of samples,
Pt/NGA800+MWCNT, Pt/NG180+MWCNT, were prepared using thermal solid state and hydrothermal
methods and compared the results with samples without MWCNT spacer (Pt/NGA800, Pt/NG180).
The authors observed 10 % improvement in ECSA and 55 and 54 % Pt utilization and concluded that
the addition of MWCNT spacer provided good accessibility to the catalyst active site and nitrogen
doped CNT, what resulted in decomposition of reactive intermediates like H,0; into O, during ORR.

Algere et al. [104] investigated sulfurized carbon xerogels (S-CXG) as the support material for Pt.
The highest catalytic activity was observed for Pt/CXG-3S (3 wt% sulphur content) because of right
balance of high ECSA (59.0 m?g!) and good intrinsic activity. It was found that Pt/CXG-3S exhibited
better catalytic activity than Pt/CXG without sulfurization or Vulcan.

Tesfu et al. [105] investigated the use of mesoporous structured hollow graphitized carbon
spheres (HGS) as DMFC cathode catalyst support material in 100-150 °C temperature range. Pt/HGS
catalyst showed improved ECSA and double layer capacity values which is attributed to higher
accessibility of Pt particles. However, large decrease in ECSA (60 % compared to 14 % for Pt/Vulcan)
was observed at thermal treatment beyond 850 °C. They inferred that this does not correlate with
increased particle size and concluded that during thermal treatment, the decomposition of HGS
carbon structure resulted in the blockage of pores, making Pt active sites inaccessible to the
electrolyte.

Developing Pt metallic alloy and Pt-free catalysts

Hosseini et al. [106] synthesized Ni/Pt/C electrocatalyst using sodium borohydride as the
reducing agent and sodium dodecyl sulphate (SDS) as a structure directing agent. This electrode
exhibited improved catalytic activity than NiPt/C catalyst. ECSA of 41 % (Ni/Pt/C) and 16.8 m? g!
(NiPt/C), respectively, were recorded. Core shell structure of the prepared catalyst was stated as
the reason for the increased ECSA and current density. Summarized results for the above category
are given in Table 9.
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Table 9. Platinum utilization for DMFC cathode

GDE/structure/support/membrane/ parameters Pt loading, mgcm? ECSA, m?g?  PtUt, % Ref.
Reducing platinum loading and decreasing Pt size

Effect of Nafion® ionomer aggregation 6.3 13.94 [89]
Multi Reduction method Pt(76)/C-1R /Pt(76)/C-2R 2.0 60.2 /65.3 68 /90 [90]
PtNT - 41 - [91]
Double layered catalyst based MEA 1.0, 2.0 35.5,34.3 [92]
Optimization of catalyst parameters

Nafion® to carbon (N/C) ratio 2.0 - 6 [93]
Effect of Polytetrafluoroethylene(PTFE) 2.0 57.0 65.54 [94]
Effect of Nafion® content 40 wt% 67.03 65.12 [95]
Cathode catalyst layer thickness 1 28.3 - [96]
Citrate-stabilized method with different reductants

and carbon supports (Pt/BP2000) 2.8 66.46 i (571
Effect of the cathode catalyst substrate morphology

(Pt/Vulcan XC-72) 1 334 25.1% [98]
Influence of ionomer content(30 % Nafion®) 2 28 40 % [99]
Using various novel catalyst support materials

Pt/SWCNT 11.8 wt% 129.6 cm? 90 % [100]
Pt/MWCNT 0.3 23.9 cm? 25.1% [101]
Pt/PANI/WC/C 4 20.46 77 % [102]
Nitrogen doped graphene with MWCNT spacer

(Pt/NgGlsoofMVECNpT) P 0.42 47 25 % [103]
Carbon Xerogels (CXG) 20 wt% 59.0 - [104]
HGS 2 [105]

Optimization approaches for DMFC anode

Some approaches to optimizing Pt utilization in DMFC anode are given below.

Optimization of catalyst parameters

Liang et al. [107] electrochemically deposited Pt nanowires into partial layer of nano Nafion® mem-
brane and formed Pt nanowire network. CV tests showed large ECSA for Pt Nafion® integrated elec-
trodes than conventional E-TEK electrode. Initial results revealed higher ECSA for Pt-Nafion® integrated
electrode and a low rate of methanol. Utilization of methanol during the discharge of cell and increased
membrane tortuosity are attributed as reasons for enhancement of the catalytic activity.

Scibioh et al. [108] explored the ionomer coating (1, 2, 5 wt%) on Ketjen Black EC 300JD (EC), Vulcan
XC-72R (VC) and Black Pearls 2000C (BP) carbon supports with different surface area and pore
characteristics. They observed better performance for EC5 (Ketjen Black EC 300JD coated with 5 wt%
Nafion®) due to extension of TPB, resulting from the improved interaction between catalyst particles
and ionomer.

Pu et al. [109] employed a thermal imprint technology to prepare passive DMFC using Nafion®
115 membrane on the anode side. The anode catalyst utilization was found to be improved with
improved ECSA, which is credited to the additionally increased roughness factor of membrane. They
concluded that catalyst utilization at the anode can be improved by using patterned membranes Hg,
He, H1o, with pore depths of 4, 6, 10 um and roughness factors 2.7, 4.6, 5.4 and observed the highest
ECSA for Hip membrane.

Kaplan et al. [110] studied platinum utilization on methanol-oxidation surface by varying Pt:Ru
surface composition. Carbon-supported catalysts with iridium-nickel cores and varying atomic-ratio
platinum ruthenium shells (Pt2sRu7s to PtsoRuzo) were synthesized. The ECSA values obtained for the
studied catalysts were 50 m? gpwryt for the commercial catalyst, 35 m2gpwrur® for PtisRuz2, 28 m?2 gpwruirt
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for PtigRu1s, 27 m? gpwur'® for PtasRug, and 27 m? gpwruir* for PtagRuz. The highest mass activity was
obtained for Pt13Ruz, despite its 23 % lower surface activity compared to PtisRu1s. This was explained by
better Pt utilization of PtisRu2; compared to PtisRuis. This result demonstrated higher platinum
utilization of the core shell structure and possible reduction of Pt loading with use of core—shell catalysts.
The authors stated that further improvement can be achieved by enhancing Pt utilization with the
highest surface activity and optimal PtRu ratio. This can be done by reducing Pt wt% while adjusting
ruthenium wt% accordingly, in order to maintain the favorable surface Pt/Ru ratio.

Lin et al. [111] used a newly developed active screen plasma (ASP) technique to examine the
effect of temperature and treatment duration on the growth of Pt nanowires on the GDL surface.
They observed that starting from 100 °C temperature onwards, ECSA increased expressively,
showing a maximum at 150 °C, and decreased before further increase of temperatures between 180
and 210 °C. The ECSA for samples treated at 150 °C was observed to be 65 % higher when compared
with untreated one, indicating the influence of temperature on Pt nanowire growth.

Alcaide et al. [112] studied the influence of solvent on the catalyst inks for active layer
manufacturing in DMFC applications. Two types of solvents, 2-propanol (IPA) and n-butyl acetate
(NBA), have been used. The ECSA determined by CO stripping were 52.4 and 47.3 m2g, i.e. about
11 % greater ECSA was found for NBA than IPA. Results indicate that the ECSA of CL formulated with
NBA was higher than that formulated with IPA. This clearly indicates that secondary pores in the
catalyst formulated with NBA make accessible a greater surface area of the catalyst.

Using various novel catalyst support materials

Han et al. [113] tested the performance of DMFC anode with three different support materials. They
prepared Pt-Ru electrocatalyst with acetylene black, Vulcan XC-72 and Ketjin Black EC-300J as carbon
supports. They found small particle size, good dispersion and high methanol oxidation activity for Ketjin
Black carbon support with 80 wt% Pt content, thus leading to higher ECSA and better Pt utilization. Pt-
Ru supported on acetylene black has the lowest activity because of large clusters of nanoparticles caused
by agglomeration. In contrast, Pt-Ru supported on Ketjen Black having better dispersion, exhibited
three-fold increase in catalytic activity when compared to P-Ru/acetylene black.

Sun et al. [114] synthesized OMC-FT, OMC-F ordered mesoporous carbon with varying pore
framework. Higher ECSA and good stability was observed for OMC-FT/Pt (62.96 m? g'!) than OMCs-
F/Pt (54.36 m? g!). Uniform dispersion of Pt nanoparticles resulted from high surface area and
increased meso-porosity lead to high Pt utilization.

To avoid the waste of noble catalysts, Carmo et al. [115] used nitric acid incorporated carbon
black support to prepare Pt/Ru electrocatalyst (PtRu/C-HNO3s). They observed better nano particle
distribution on the catalyst support with high affinity and more exposed area of Ru towards species
containing oxygen, leading to better ECSA of 104 m?g* with better Pt utilization.

Luo et al. [116] prepared a Pt-Nafion® high performance catalyst carbon support functionalized
by perflourosulfonic acid and compared the results with Pt/O-C and Pt-Nafion®/C catalysts. They
observed 30 % higher ECSA of 104.9 mg cm2for Pt-Nafion®/C catalyst when compared to Pt/O-C.
The presence of Nafion® leads to higher dispersion of Pt nanoparticles and increased ECSA.

Liu et al. [117] used multi walled carbon nanotubes doped with phosphorous (P-MWCNT) as the
catalyst support and prepared Pt/P-MWCNT electrode for DMFC. Improved Pt particles dispersion
with increased intrinsic activity resulting in high Pt utilization was observed. This was attributed to
change of charge density of P-MWCNT, leading to better interfacial interaction between surfaces of
Pt and P-MWCNT.
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Sun et al. [118] designed and synthesized 1D open Pt structures with porous surface. Using
polyelectrolyte-modified FeOOH nanorods as a template, they prepared hollow Pt nanotubes (PtNT).
Employing the electrostatic attraction-based layer-by-layer assembly process, the self-supporting
porous electrode was synthesized. ECSA of 19.6 m?g™* was observed for this electrode when compared
to 16.8 m? gt of Pt black catalyst. In spite of similar structure and composition of these electrodes, the
increased ECSA was attributed to 1D porous structure of the prepared electrode.

Using chemical interfacial method, Gharibi et al. [119] prepared a composite of polyaniline (PANI)
fiber doped with para-toluenesulfonic acid (PTSA) and fabricated the vulcan-polyaniline composite,
C-PANI-PTSA. Pt electrocatalyst was deposited on the composite with different ratios (10, 15, 20,
25, 30 wt%), optimized and compared with Pt/C electrocatalyst. They found high ECSA (120.5 m? g
1) for Pt/C-20 % PANI-PTSA electrocatalyst. C-PANI-PTSA composite exhibited better dispersion of Pt
particles resulting in increased ECSA.

For depositing Pt nanoparticles, Li et al. [120] prepared a hybrid support TixSh1-xO2-C via thermal
method with substitution of Ti** by Sn** in TiO; lattice and observed improved Pt utilization with
increased ECSA (68.9 m?g!) compared to the commercial catalyst.

Patel et al. [121] used the complexed sol-gel (CSG) process to synthesize Pt/Ru/TiN anode catalyst
with titanium nitride (TiN) as the support. Higher ECSA of 59 m?g! than the commercial catalyst was
observed with uniform dispersion of Pt/Ru on the support. It was stated that the CSG process
resulted in generation of the nanocrystalline Pt/Ru on the support.

Zhang et al. [122] used nitrogen-doped carbon nanotubes (CNx-NTs) as the catalyst support
material. They were prepared by carbonization of PPy-NT which were synthesized using methyl
orange as a structure-guiding agent. ECSA values observed for these catalysts are 44.4 m?2g*
(Pt/CNx-NTs-600), 55.9 m? g1 (Pt/CNx-NTs-700), 94.0 m? g1 (Pt/CNx-NTs-800) and 71.2 m? g1 (Pt/CN-
NTs-900). The highest catalytic activity of Pt/CNx-NTs-800 catalyst is attributed to the optimal
proportion of N-5, N-6 and N-Q.

Gao et al. [123] used graphene/Vulcan XC-72 carbon as the catalyst support and prepared
platinum/graphene/Vulcan XC-72 (Pt/Gr-C) catalyst. Graphene oxide (GO) and H2PtCls were simul-
taneously reduced in ethylene glycol. Then, through ultra-sonication in aqueous solution, low-cost
Vulcan XC-72 carbon was incorporated between graphene sheets. ECSA values of 37.9 m?2g* (Pt/C),
41.8 m?g?! (Pt/Gr) and 50.5 m? g (Pt/Gr-C), respectively were obtained. The best result for Pt/Gr-C
was attributed to the inhibition effect of Vulcan XC-72 carbon sphere on the overlap of graphene
and smaller particle size.

To increase the methanol oxidation activity of Pt catalyst, Jeon et al. [124] developed Pt/WC/C
catalyst and analyzed electrochemical properties. CO-stripping studies revealed ECSA of 3.8 m? g™
for Pt/WC/C catalyst and 5.9 m? g™ for the conventional Pt/C. Higher ECSA (7.5 m?g!) was recorded
for Pt/WC/C and not much different ECSA was observed for Pt/C (5.6 m? g!) when hydrogen
adsorption method was used. Difference in ECSA observed by two methods was due to H* spill-over
at the synthesized Pt/WC/C catalyst. Further, from CO stripping studies the reduced potential of
0.68 V for the synthesized catalyst Pt/WC/C than Pt/C (0.8 V) was found, indicating improved
Pt/WC/C activity towards CO electro-oxidation.

Developing Pt metallic alloy and Pt-free catalysts

Giorgi et al. [125] deposited PtAu bimetallic nanoparticles on carbon nano fibers (CNF) directly
grown on graphite paper and observed three times increase in the performance than for the com-
mercial carbon support electrode having Pt utilization of 11 %. The augmented catalytic action of this
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electrode when compared to PtRu catalyst was attributed to increased utilization of catalyst particles,
which leads to superior ability towards methanol oxidation. The specific morphology of platelet CNF
reduces amalgamation and regulates a robust foundation of catalyst nanoparticles on the substrate.
In addition, the surface of the nanofibers is encompassed by functional groups which enable better
oxidation, leading to the reduction of carbon-based species like CO that are accumulated on the
electrode. Thereby Pt poisoning during cell operation is reduced and stability is enhanced.

Jang et al. [126] deposited Pt-Au alloy nanoparticles on graphene to prepare three-dimensional
graphene electrodes (3D-GR/PtAu). Using the spraying and evaporation technique, Pt-Au alloy is
deposited on colloidal graphene by employing the aerosol process. The ECSA (92 to 325 m?g™?) values
were found to increase with decrease in graphene oxide concentration (0.5 to 0.1 wt%). The highest
ECSA of 325 m? gl obtained for this electrode was relatively higher than for two-dimensional graphene
electrode (2D-GR/PtAu) and commercially available Pt/C catalyst. This is attributed to increased active
reaction sites, resulting in greater ability towards methanol oxidation.

Chang et al. [127-130] demonstrated anode catalyst for DMFC methanol electro oxidation using
Ni,P, CoP promoters. They synthesized Pt-Ni;P, PtRu-Ni;P, Pt-CoP and PtRu-CoP by Co-depositing
Ni;P, CoP promoters with Pt and PtRu on carbon support and optimized the electrodes by varying
the amount of promoters (10, 20 30, 40 and 50 %). From H-adsorption and CO stripping measure-
ments, they observed maximum ECSA for 30 % loading promoter for Pt-Ni,P, Pt-CoP catalyst and
40 % loading of promoter for PtRu-Ni;P and PtRu-CoP, respectively. The CV results are shown in
Figure 9. The enhanced results were attributed to electron transfer between catalyst promoters and
Pt, PtRu catalyst. The ECSA results are summarized in Table 10.

Table 10. Platinum utilization analysis for DMFC anode

GDE/structure/support/membrane/parameters Pt loading, mgecm2  ECSA, m2g! Ref.
Nano-Nafion® membrane 4 11.5 [107]
lonomer coating (5 wt%) 40 wt% 63.0 [108]
Roughness Factor(RF) 1.0 45.8 [109]
Atomic ratio 0.7 35 [110]
Plasma treatment conditions - 25.8 [111]
Effect of solvent: 0.8 52.4 [112]
P-Ru/Ketjen Blank 5 45.63 [113]
Ordered mesoporous carbon 20 wt% 62..96 [114]
Nitric acid functionalized CB/Vulcan XC72R-HNO3 20 wt% 104 [115]
Nafion® functionalized CB (Pt/Nafion®-C) 20 mg 104.9 [116]
Phosphorous doped CNT(Pt/P-MWCNT) - 78.9 [117]
1D open - Pt structures with porous surface(PtNTs) 0.028 19.6 [118]
Pt/C-PANI-PTSA 0.1 120 [119]
Sn0,-TiO, 1 68.9 [120]
Nanostructures TiN 0.3 59 [121]
Pt/CNx-NTS-800 5.3 wt% 94.0 [122]
Pt/Gr-C 0.019 50.5 [123]
Pt/WC/C - 3.8 [124]
Platelet Carbon Nano fiber grown on graphite paper. 0.011 59 [125]
3D-GR/PtAu 20 wt% 325 [126]
Pt-Ni>P-30 % 5 69 [127]
PtRu-Ni,P-40 % 2 113 [128]
Pt-CoP-30 % 0.3 81 [129]
PtRu-CoP-40 % 2 116 [130]
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Figure 9. Cyclic voltammograms of (a) Pt-NizP (b) PtRu-CoP/C (c) Pt-CoP/C (d) PtRu-Ni P for
varying amount of promoters (10, 20, 30, 40 and 50 %).
Conclusion

This review has summarized various approaches adopted by researches over the past two
decades to enhance Pt utilization efficiency and thereby reduce cost and address various other
technical barriers for PEMFC’s and DMFC’s to become commercially viable. It is established that
catalysis is a surface phenomenon on electrodes, where catalyst activity is largely governed by the
dispersion of particles, particle size and the exposed percentage of particles available in the catalyst
layer. For this reason, and in order to reduce Pt loading, it is essential that efforts must be made to
use all Pt particles during reaction. Reducing particle size can therefore be seen as the primary focus
of research so far in the area of catalyst utilization.

It is well known that the exposed percentage of the catalyst available for catalytic activity is the
reciprocal of particle size. This means that reducing the particle size to below 1 nm levels may lead to
100 % Pt utilization. However, research revealed that the porous structure of the carbon support with
the pore size at approximately 2 nm is a hindrance. That is, reduction of Pt particle size below 2 nm
lowers its specific activity and results in the pocketing of the particles inside the porous structure of
the carbon support, rendering them inaccessible for catalyst reaction. Further, the behavior of metal
particles smaller than 1 nm display greater interaction with the carbon support in deviation of their
normal conventional behavior thereby reducing their participation in electroactivity.
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Nevertheless, the recent progress in catalyst utilization research has brought down the effective
particle size of platinum-based catalyst to about 2-4 nm range and the percentage of exposed Pt
particles to the range of 20-50 %. This has been achieved through the following means:

* Increasing of TPB, where electrolyte, electrode and fuel gas come into contact with each other,
by optimizing the composition of the catalyst layer and catalyst distribution.

e Attainment of reduced mass transport losses by controlling pore structure and hydrophobicity
especially at high current density of CL to provide more electrochemical reaction area with
improved gas and liquid transport pathways.

e Reducing of the interfacial resistance by tailoring CL and GDL, and between CL and membrane
interfacial structures

e Designing novel methods for ordered CL preparation.

As it was established that reducing the particle size may not result in optimizing catalyst
utilization, other viable alternatives need to be explored. In addition to the use of Pt and Pt alloy as
a catalyst, efforts are also being carried out to investigate the application of non-Pt alloys as catalysts
to reduce the overall cost of the fuel cell.

Also, it is worth mentioning here that recent research indicates stability or the life span of PEMFC
as the most important factor, irrespective of Pt loading per area. This means that as long as high Pt
loading contributes to increase in stability, life span and the overall effectiveness of the fuel cell, a
reduction of Pt loading should not be prioritized. Nevertheless, development of Pt electrocatalyst
with low Pt loading will continue to stay in the focus of active research.

NOMENCLATURE
1D one dimensional HD-EG homogeneous deposition of ethylene glycol
ASP active screen plasma HGS hollow graphitized carbon spheres
AST accelerated stress test IE ion-exchange
AuPt gold nanoparticles supporting Pt IPA isopropyl alcohol
BH borohydride LSV linear sweep voltammetry
BP black pearl MEA membrane electrode assembly
CA carbon aerogels mPAD  modified polymer-assisted deposition
CB carbon black MPL microporous layer
CCL cathode catalyst layer MWCNT multiwalled carbon nanotubes
CCS catalyst coated substrate N/C Nafion® carbon ratio
CC carbon cloth NaBH; sodium borohydride
CCS-20 compound carbon support NCS novel cathode structure
CL catalyst layer NDCL  novel double catalyst layer
CMK a family of mesoporous material NMP N-Methyl-2-pyrrolidoone
CMPL  carbon microporous layer oMC ordered mesoporous carbon
CNF carbon nanofibers ORR oxygen reduction reaction
CNT carbon nanotubes PEMFC proton exchange membrane fuel cell
CO.d adsorbed carbon monoxide PGM platinum group metal
CP carbon paper PLD pulse laser deposition technique
CTAB centyl trimethyl ammonia bromide PPT pulse plating technique
cv cyclic voltammetry PtUt platinum utilization
CvD chemical vapor deposition PTFE poly tetra flouro ethylene
CXG carbon xerogels PtNP platinum nanoparticles
DCL double catalyst layer PINT platinum nanotubes
DC direct current PTSA para sulfonic acid
DMFC direct methanol fuel cell rGO reduced graphene oxide
DPC doped porous carbon ScCO,  super critical carbon dioxide
E/E electrospinning and electrospraying SCL single catalyst layer
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ECSA electrochemical active surface area SDS sodium dodecyl sulphate
EG ethylene glycol SENS surface enriched nanosized
FGS functionalized graphene sheets SWCNT single walled carbon nanotubes
GDE gas diffusion electrode TCS traditional catalyst structure
GDL gas diffusion layer TFCL thin film catalyst layer
GO graphene oxide TPB triple phase boundary
Gr graphene UPCF ultrafine porous carbon fibre
GSA geometrical specific surface area HUPD  hydrogen under potential deposition
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Abstract

Microbial fuel cells use bacteria to generate electrical energy and are used for lower power
density applications. This paper studies the effect of operational parameters on the
performance of a microbial fuel cell. The effect of length of the anode compartment, inlet
acetate concentration, acetate flow rate, temperature, thickness of the membrane and
bio-film conductivity on the performance of the fuel cell is modeled. The thickness of the
membrane is found to play a very limiting role in affecting the performance of the fuel
cell. However, the length of the anode compartment, acetate flow rate and bio-film
conductivity are found to play a significant role in the performance of the fuel cell. Model
results are compared with experimental data and found to compare well.

Keywords
Microbial fuel cell; hydrogen; bio-film; acetate; carbon dioxide; model

Introduction

Microbial fuel cells (MFCs) are multiphase systems involving biological and electrochemical
processes to generate energy. These fuel cells convert chemical energy to electrical energy by the
action of microorganisms. Most MFC’s are constructed using a bio-anode, bio-cathode and a
membrane separating two compartments. MFCs can be divided into two categories; mediated and
unmediated. A mediated MFC uses a chemical (mediator) that transfers electrons from the bacteria
in the cell to the anode. Unmediated MFC uses electrochemically active bacteria to transfer
electrons directly to the anode. MFCs have started to find their usage in wastewater treatment.
Modeling the effect of operational and design parameters on the performance of MFCs is critical for
enhancing the performance of these fuel cells.

The MFC performance expressed in terms of the polarization curve is affected by several factors,
including rates of fuel oxidation, resistance of the circuit, size of the anode compartment, transport
of protons through the membrane to the cathode, membrane thickness (resistance), oxygen supply,
and the reduction reactions at the cathode. Mathematical models help in studying the effect of
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these operational parameters on the performance of MFC. Quite a few models exist in the literature
which studied the effect of operational parameters on the performance of MFC. The models which
were developed to study MFC behavior can be primarily divided to anode based models and full cell
models (which are focusing on both the anode and cathode).

Anode based models

Zhang and Halme [1] have developed one-dimensional anode model based on double chamber
configuration. Picioreanu and Scott [2] have developed a two-dimensional model to understand the
anode microbial activity. The authors studied the relation between the growing bio-film thickness
and the current output. Marcus et al. [3] have proposed one-dimensional dynamic conduction based
model to study the performance of MFC. The model postulates that conductivity of the bio-film is
the major factorin a MFC performance. In both above references, the authors postulated that anode
is the limiting factor in a MFC performance. Merkey and Choop [4] created a two-dimensional model
to study the relationship between power output and the geometry of the cell. The model simulates
the effect of bristle anodes and the way they should be placed in a grid and act on the energy output.
Sedaqatvand and Mardanpoura [5] extended Marcus’s model with a genetic algorithm which sought
to minimize the difference between simulated and experimental data. Jayasinghe and Madhavan
[6] simulated an MFC anode using a respiring bio-film. While the active bio-film invests the energy
arising from the oxidation of the substrate, the respiring zone is in charge of energy conservation at
the anode surface. Pinto et al. [7] have modeled the anode of a MFC using different degradation
mechanisms for decomposition of acetate substrate.

Models focused both on anode and cathode

Oliviera et al. [8] have developed 1-d mathematical model to study the temperature variation in
a MFC. The authors also studied the effect of bio-film thickness on the MFC performance. Cheng et
al. [9] have developed a mathematical model to simulate the power loss and the potential drop
caused by ohmic resistance of the carbon mesh. Zeng et al. [10] have developed a mathematical
model for a two-chamber MFC which studies the dynamic behavior of MFC. The authors suggested
that the cathodic reaction is the most significant limiting factor in MFCs. Cai and Liu [11] have
studied effects of bio-film porosity and external resistance on the performance of a MFC. The
authors postulated that at the startup phase, bio-film porosity plays a crucial role in electricity
generation. However, at the steady phase, bio-film porosity plays no role in electricity generation.
Mardanpour et al. [12] have studied the performance of a MFC as a function of bacterial transport
parameters, bacteria activity, substrate variation, etc. The authors postulated that as the hydraulic
diameter of the microchannel decreases, the power generation of the microfluidic MFC increases.
Ou and Mench [13] have studied the effect of species diffusion and electrical migration on the
performance of a MFC. The authors postulated that the electric field migration has a minimal impact
on the performance of MFC. Sobieszuk et al. [14] have studied influence of operational parameters
on the MFC performance. The authors have shown that the hydraulic retention time is the most
important parameter affecting the effectiveness of MFCs. Yao and Li [15] have developed two-
dimensional model to study the MFC performance. The authors postulated that the electrical
conductivity of the bio-film plays an important role in the MFC performance. Xia at al. [16] wrote a
comprehensive review on MFCs. The authors qualified various models describing MFCs as the
mechanism based models, bulk liquid models, electrochemical models, bio-film models, electrical
models and application based models. Gadkari and Sadhukhan [17] presented a review on the
mathematical models describing bio-electrochemical systems. Along with reviewing the
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conventional models for a study of bio-electrochemical systems, the authors have also reviewed
new models such as microbial electrolysis cell, microbial electro-synthesis and microbial
desalination cell. Capadaglio et al. [18] developed a mathematical model to study the application of
MFC in wastewater treatment. The authors have reviewed the reactor configuration,
electrochemical and microbiological characterization and operational schemes in the simulation of
the MFC usage in wastewater treatment. While the above mentioned models already reported in
the currently available and MFC related literature, give an overall perspective about the modeling
work, we are primarily focused on developing of an anode model to study the effect of design and
operational parameters on the performance of a MFC.

The focus of this paper is to study the effect of operational parameters on the performance of
the MFC seen through a polarization curve (cell voltage vs. current density) properties. The decrease
in the fuel cell voltage is due to over-potential losses due to activation, ohmic losses and
concentration polarization. Concentration polarization losses occur at high current densities due to
mass transport limitations. Ohmic losses are primarily seen in the middle of the current density
range. These are losses due to the resistance of the membrane, bio-film, etc. Activation losses are
usually seen at the beginning of the polarization curve where over-potential losses take place to
enable the reaction to happen. Therefore, the objective of this paper is to study the effect of
operational parameters of MFC on polarization curves and thereby on the fuel cell performance.

Model development

MFC can be considered as a reactor which transfers the chemical energy stored in an organic
substrate into electricity due to the activity of enzymes/organisms. A schematic representation of the
MEFC is shown in Figure 1 (marks are explained within Nomenclature section). The fuel cell consists of
an anode chamber with an electron current collector, a polymer electrolyte membrane and a cathode
chamber with an electron current collector. The anolyte fuel, acetate reacts at the anode side with
the bacteria to produce carbon dioxide and hydrogen ions. The carbon dioxide moves to the anode
exit, while hydrogen ions diffuse across the membrane to the cathode. On the cathode side, the
oxygen ions react with hydrogen to form water which is removed from the cathode.

(CH20)2+2H20—-2C02+8H +8e" Ort4H +4e—2ZH0
I I i

Acetate

Oxygen
Biomass H+

Water
Carbon Dioxide

Acetate Influx
Oxygen Influx

JLLLLLL

AP | AC B |AE M CE CC cP

TTTTTTT

13 L, L iy L; L Le L,
| [
Anode Membrane Cathode

B o
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Figure 1. Schematic of a microbial fuel cell (MFC)
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The transfer of electrons to the anode occurs by two mechanisms; a mediated electron transfer-
MET and direct electron transfer-DET. The anode and cathode reactions containing acetate as the
substrate [1] are given by:

(CH20)2+ 2H20 - 2CO2 + 8H* + 8e (1)

Oz + 4H* + 4e™=> 2H,0 (2)

The overall reaction is given by:

(CH20)2+ 02 - 2C0O; + 2H,0 (3)
Assumptions

1. Kinetics of the reactions on the anode is represented by Tafel and Monod equations. The
Monod equation is typically given by:

S
ILI = llea)( e (4)

K,+S
where u is the specific growth rate of the microorganisms, tmax is the maximum specific growth rate
of the microorganisms, S is the concentration of the limiting substrate for growth and K is the half
velocity constant. The Monod equation describes substrate oxidation and microorganism growth.
The units of u, S and K; are time™, (mol/volume) and (mass/volume), respectively.
2. The oxygen reduction reaction at the cathode is governed by Tafel equation given by:
RT i

E-E =—"1 pl (5)
 (@A-a)nF i

0

where i and ip are the current and exchange current densities for the oxygen reduction reaction.

3. The thickness of the bio-film is considered to be constant during simulations. This means that
the overall rate of microbial growth through substrate utilization and the overall rate of bio mass
loss are in equilibrium.

4. The transport of reactant species through the film is considered as one dimensional.

5. The effect of convection in the transport of reactant species in the bio-film and to the
electrodes is neglected. The transport of reactant species in the bio-film and to electrodes is
assumed to be diffusion, what means that Fick’s diffusion laws can be used to evaluate the transport
of these species.

6. Only hydrogen ions are considered to be transported across the membrane. Carbon dioxide,
acetate, oxygen and water are assumed not transported across the membrane.

7. Anode and cathode compartments are modeled as a continuous stirred tank reactor—CSTR.
This means that mass transport equations are primarily developed from CSTR equations. The mass
balance at the anode takes into account rates of reaction in the anode compartment, bio-film and
at the electrode.

8. The carbon dioxide is considered to be dissolved in solution. Hence the effect of CO; in the gas
phase is considered negligible.

Model equations

Given that the anode compartment is modeled as CSTR, the transient mass balance equation is
given by:
dm

E = min - mout + mrxn (6)
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In Eqg. (4), mxn represents the mass of reacting species, while min and mout represent the mass of
species entering and leaving the system.
The mass balance of acetate is given by [10]:

dc, ¢
Y ¢, —c)-r, (7)

The reaction rate of acetate oxidation (degradation) in the anode compartment defined by Eq.
(1) is given by:

anF €
r =kex aa 2 c 8
° p[ RT j[Ku+c:C] X ®)

In Eq. (6), k represents the rate constant, c,“ represents the concentration of the acetate in the
anode compartment and cx represents the concentration of the bio-mass in the anode
compartment. 7. represents the anodic over-potential and K, represents the half velocity rate
constant for acetate.

The transient equations for the acetate mass balance in the anode compartment is obtained by
inserting eq. (6) into eq. (5):

dc g . 0 A anF c
9 =—(c. —c.")—kex a2 2 C 9
dt vAc( 76 ) P RT K, +c2 )" ®

The first term on the right hand side represents the mass flux of acetate in the anode
compartment and the second term represents the reaction rate of acetate in the anode
compartment. The reaction of acetate to form CO; is a bio-electrochemical reaction; the
electrochemical part of the reaction is dealt with Tafel equation and the bio-chemical reaction is
dealt with Monod equation.

The acetate flux in the bio-film layer can be written as:
dc

N,=-D}—2 (10)
dx

Eqg. (8) assumes that the transport of acetate ions in the bio-film is a result of diffusive flux. The
acetate ions are not a charged species (effects of potential are neglected) and the convective flux is
neglected. The transient differential mass balance equation for any species is given by:

dc, dN, ,
ot dx

where the right side part represents the flux term and the reaction term.
Following Eqg. (9), the transient equation for acetate mass balance in the bio-film is given by:

dc,, ,dc, anF cie
—2 =D, —3 —kex e 2 C, (12)
dt " dx’ PLURT K, +c¢

Transport equations for the cathode

(11)

The oxygen mass balance in the cathode compartment is given by [1]:

dc,, g « d’c,

dt _F(Cog "o, )+D°2 dx? (13)
The equation for the cell potential is given by [1]:
Veell = Ecell -Na-Nc- lcellReell (14)
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In Eq. (12), naand nc are anode and cathode over-potentials and the last term refers to the ohmic
loss due to the membrane resistance.
The membrane resistance Rcei [8] is given by:

™

Rcell = (15)
O

In Eq. (13), TV is the membrane thickness and o is the ionic conductivity of the membrane. The
concentration of the acetate at the anode electrode/membrane interphase and the concentration
of the oxygen at the cathode electrode/membrane interphase are assumed to be zero.

Numerical solution

For analysis of different parameters, it is necessary to choose a method that is efficient and
provides high convergence. The partial derivatives terms were transformed into algebraic terms
using central difference and transient PDE were converted into transient ODE. They were then
solved using MATLAB function ODE15s.

Simple 1-D mesh was used and it was made enough fine that convergence is achieved. Optimal
node number was calculated on the basis of order of length involved by trial and error.

Results and discussion

Anode compartment length

Figure 2 shows a time variation of the cell current density for different anode compartment
lengths varying from 0.1 to 0.025 m. It is seen that the cell current density increases with increasing
length of the anode compartment (if the area is kept constant, this indicates an increasing volume
of the anode compartment). For a given constant feed, Figure 2 indicates that the length of the
anode compartment plays a key role in the performance of the MFC.

16 T T T T T T T T
—01m
14 ===005m
............ 0.025m
12 % .
|
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<<
Z
3 4
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Figure 2. Time variation of current density for different lengths of anode compartment

A higher length of the anode compartment indicates a higher reactor volume which drives the
reaction rate. This decreases the activation over-potential, what is seen through the highest current
density observed when the anode compartment thickness is 0.1 m. However, a large reactor volume
also ensures that the concentration polarization is lower (at high current densities). This implies that
when the anode compartment length is higher, presence of the excess reactant ensures that current
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can be drawn at extended time values. Lorant et al. [19] have studied the effect of the cathode to
anode surface ratio on the performance of MFC. The authors predicted that with increasing
cathode/anode surface area, the power density of a MFC increases, indicating that the oxygen
reduction reaction is the rate limiting step in a MFC. Very little work has been done on
understanding the effect of the anode surface area on the overall performance of a MFC. However,
our results indicate that the anode surface area plays a significant role in the MFC performance.
Table 1 indicates the list of parameters used for simulation.

Table 1. Table of model parameters taken from [8,10] for simulating graphs in Figures 2-9

Gaf 2.25x10° m3h?
[ 5.5x10°m?3

Ca° 1.56 mol m™3

k 0.207 mol m3h!
Oa 0.051

To, Tc 303K

TAF, TCF 303 K

Ka 0.592 mol m™3

(e 0.4 mol m3

A’ 5x10%4m?

Co?° (0.21xP)/(RxT) mol m
q° 1.11x10° m3h!
oc 0.44

Ecell 0.77V

o 365m?

Tm 1.778x10%m

Membrane film thickness

Figures 3 and 4 show polarization curves of MFC for different membrane film thicknesses. It can
be seen from Figure 3 that the membrane film thickness makes a very small impact on the
performance of the fuel cell.

0.8 T T T
——0.00001 m

Cell voltage, V

Current density, A m2

Figure 3. Effect of membrane thickness on MFC performance

Figure 4 shows the effect of the membrane film thickness in the high current density area. It is
seen that the membrane film thickness (ohmic resistance) plays a marginal role in the high current
density region. The relationship between membrane resistance and membrane thickness is given by
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Eqg. (13), which shows that the ohmic resistance due to the membrane is defined as the ratio of the
thickness of the membrane to the ionic conductivity of the membrane. Figures 3 and 4 indicate that
if the ionic conductivity of the membrane is kept constant, the performance of the microbial fuel
cell has little dependence on the thickness of the membrane. Consequently, keeping the thickness
of the membrane constant, varying the ionic conductivity of the membrane has little effect on the
performance of the fuel cell. This indicates that the transport of hydrogen ions through the
membrane is more dependent on other factors like concentration flux of hydrogen ions, potential
gradient across the cell and the diffusion coefficient of hydrogen ions.

0.115 F T . ' ——0.00001m
------ 0.0001 m
" e 0,001 M

0.105 f=
0.1
0.095 |

0.09

Cell voltage, V

0.085 -

0.08 [

0.075

0.07 & L L L I L
9 9.5 10 10.5 11

Current density, Am 2

Figure 4. Effect of membrane thickness on MFC performance

Bio-film conductivity

Figure 5 shows the effect of bio-film conductivity on the performance of MFC. The figure indicates
that the performance of a microbial fuel cell is affected very strongly by the bio-film conductivity.
Whereas no effect of bio-film conductivity is observed on the activation part of the polarization
curve, there seems to be a pronounced effect of bio-film conductivity in the high current density
region of the polarization curve. Malvankar et al. [20] have suggested that extra cellular electron
transfer via conductive bio-film is the most efficient mechanism for high current density MFCs.
Increased bio-film conductivity lowers the resistance for electron transfer between the bio-film and
the anode. It was also suggested that electron donor mass transfer resistance becomes significant
at higher bio-film conductivity. The same authors [20] have further stated that the observed metallic
like conductivity is associated with a network of microbial nanowires coursing through the bio-film.
Some experimental studies [21-23] have indicated that the bio-film conductivity does not play a
major role in affecting the current density in a microbial fuel cell while other studies [20,24]
suggested otherwise. An earlier modeling study [13] has indicated that the bio-film conductivity
plays a major role in affecting the fuel cell current density. According to Yao et al. [25], the
conductivity of the bio-film directly affects a distribution of the solid potential. The authors
postulated that the slope of the solid potential of the bio-film decreases with increase in
conductivity which causes electrons to move more easily to the electrode surface. On the other
hand, the liquid potential is a function of the bio-electrochemical reaction rate and increases with
bio-film conductivity. Thus, increasing the bio-film conductivity increases the overall rate of the bio-
electrochemical reaction, leading to increase in performance of MFC, particularly in high current
density regions.
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Figure 5. Effect of bio-film conductivity on MFC performance

Effect of temperature

Figure 6 shows that the performance of MFC is affected strongly by temperature. Increasing of
temperature not only drives up anodic and cathodic reaction rates, but also increases diffusion of
hydrogen ions to the cathode, increasing thus the cathodic reaction rates and leading to significant
improvement of MFC performance.

1 T T T
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0.9 ——323K| 1
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0 1 I 1 ! 1

Current density, A m2

Figure 6. Effect of temperature on MFC performance

It seems that temperature shows somewhat higher impact in the lower current density region
where the activation over-potential plays a major role, than in the higher current density region of
the polarization curve. This has already been expected, since temperature plays a major role in
affecting the rate constant and hence the rate of the reaction. Behera et al. [26] postulated that the
internal resistance of MFC is the highest when the temperature is at 20 °C, than progressively
decreases with increasing temperature up to 40 °C, and does not change much after 40 °C. However,
our simulation results indicate that the performance of MFC increases with temperature beyond 40
°C. Since the effect of temperature affects other factors, including reaction rates at the anode and
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cathode, it is very difficult to quantify the effect of temperature on the internal resistance of the cell
using our simulation model.

Effect of anode surface area

Figure 7 shows the variation of current density for different inlet acetate concentrations, while
Figure 8 shows the variation of current density at constant acetate concentration, but different
anode surface areas. Combining these two graphs helps us to understand few results.
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Figure 7. Effect of anolyte concentration on MFC performance
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Figure 8. Effect of anode surface area on MFC performance

The inlet acetate concentration plays a significant role in the low current density region. This
indicates that the concentration of the acetate plays significant role in lowering the activation over-
potential at the anode side (since we are looking at acetate concentration only, the cathodic
reaction is not taken into account). Figure 8 shows the variation of current density as a function of
anode surface area for the given acetate concentration. The resulting graphs indicate that the area
of the anode surface plays a major role in driving the current density in the high current density
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region (ohmic and concentration polarization regions). This indicates that a higher anode surface
area really enhances the current in the mass transfer limited regions, possibly due to higher reaction
rates. Depending on the application of the microbial fuel cell, the fuel cell needs to be designed
accordingly. Very little data is available on the effect of acetate concentration on the performance
of MFC. Lorant et al. [19] proposed that efficiency of MFC can be fairly high at lower concentrations
of acetate (what means that the power will not deteriorate rapidly at lower concentrations). Our
simulation results indicate a similar effect.

Comparison of modeling results with experimental data

Figure 9 shows the comparison of modeling results with experimental data [8,10]. The parameters
used for data fitting are summarized in Table 1. The following parameters were considered in
simulations: temperature, inlet acetate concentration, anode flow rate, cathode flow rate, volume of
the anode compartment and membrane thickness. The simulation results seem to capture
experimental trends very well. However, a certain discrepancy between the simulation results and the
experimental data can be observed. This could be due to certain assumptions made in the model. The
assumption of constant bio-film thickness is one factor which could affect simulation results, as well
as neglecting the effect of convection on the performance of MFC. Although the effect of these
assumptions could not be quantified, they could definitely affect the performance of a MFC.
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Figure 9. Comparison of simulation results with experimental data
Conclusion

A mathematical model is developed to study effects of operational parameters on the
performance of a microbial fuel cell. The effect of thickness of the anode compartment, membrane
resistance, bio-film conductivity and inlet concentration of the acetate on the performance of the
microbial fuel cell is studied. The membrane thickness and resistance are found to have minimal
effect of the MFC performance. However, bio-film conductivity is found to have a significant impact
on the polarization curve, particularly in the high current density region. Increasing the area of the
anode compartment seems to have a significant impact on the polarization curve in the high current
region (mass transport limited region). Model results are compared with experimental data and
found to compare well.
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MODELING OF A MICROBIAL FUEL CELLS

Nomenclature

AC
AE
AP
B
CcC
CE
Ccp
Viac
Na
DB
ACC
Ca

CA0

CaAC

Cab
CaAB

Vce I
To
Tc

Tw
TAF
TCF
AS

Feq
(0 &)
Oc
o
Na
Ne

anode compartment

anode electrode

anode acrylic plate

bio-film

cathode compartment

cathode electrode

cathode acrylic plate

volume of the anode compartment, m3

flux of acetate in the bio-film layer, mol m2 s

diffusivity of the acetate in the bio film layer, m?

area of the cathode compartment, m? s

concentration of acetate in the anode compartment, mol m3
concentration of acetate at the entrance to the anode compartment, mol m-3
concentration of acetate at the exit of the anode compartment, mol m-3
concentration of acetate in the bio-film, mol m3
concentration of acetate at the bio-film/AE interface, mol m=3
concentration of oxygen in the cathode compartment, mol m-3
concentration of oxygen at the CP/CC interface, mol m™
concentration of oxygen at the CC/CE interface, mol m3
concentration of bio-mass in the anode compartment, mol m=3
Faraday constant, 94 485, C mol*!

rate constant of the reaction, mol m=3h=,

half velocity rate constant for acetate, mol m=

gas constant, 8.314 ) mol* K*

cell resistance due to membrane, Q2

temperature, Kelvin

volume, m3

cell voltage, V

wall temperature on anode side, K

wall temperature on cathode, K

flow rate, m3 h'l

membrane thickness, m

temperature of the anode stream

temperature of the cathode stream

surface area of membrane, m?

applied potential, V

standard potential of the redox reaction (V)

anodic transfer coefficient

cathodic transfer coefficient

ionic conductivity of membrane, S m™

anode overpotential, V

cathode overpotential V
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