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Abstract: In this paper, ceria (CeO,) nanorod (NR) supported Ni-Cr,O, anode electrocatalysts were synthesized as nonnoble metal-
based anode electrocatalysts for ethanol electrooxidation reaction (EOR) in alkaline media. Physicochemical characterization of the
electrocatalysts was investigated by XRD, SEM, and TEM techniques. Electrochemical performances of the catalysts were investigated
via cyclic voltammetry (CV), linear sweep voltammetry (LSV), and chronoamperometry (CA) techniques. The data from linear LSV
were used for the diffusion coefficient of the electrocatalysts. The CA experiments’ results showed the tolerance for catalytic poisoning
and durability of the synthesized electrocatalysts.
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1. Introduction

The ever-increasing need for energy and depleting fossil fuels has been a motivation for researchers to search for new
energy generation systems. In this context, alcohol electrooxidation reactions get attention [1-5]. Among the alcohols,
ethanol which is an economical, nontoxic fuel is considered as a promising renewable alternative to fossil fuels since it
has a high theoretical energy density. Direct Ethanol Fuel Cells (DEFCs) are used to produce energy from ethanol [6].
This eco-friendly system has a high energy conversion efliciency and low operating temperature; however, it is restricted
for commercial applications since it generally uses noble metal-based anode electrocatalysts for ethanol electrooxidation
reaction (EOR). Noble metal-based anode electrocatalysts are very expensive and have low stability. Therefore, it is
significant to synthesize a nonnoble metal-based anode electrocatalyst for the EOR reaction.

The EOR is faster in alkaline media besides, transition metal-based anode electrocatalysts can be used in this system.
Among the transition metals, nickel is considered as an active and stable anode catalyst compared to Pd, Pt. Moreover, its
low cost and excellent ethanol oxidation performance led researchers to study nickel-containing anode catalysts. There are
various studies conducted with Ni-based anode electrocatalysts for electrooxidation of ethanol in alkaline media [7]. As
known, the electrocatalytic activity of nickel can be enhanced with support materials and/or cocatalysts. Chromium and
chromium oxides are considered as significant cocatalysts and/or support materials. In this context, Cr,O, is considered
as an important cocatalyst material for fuel cell applications [8-11]. It is used as a promising cocatalyst for alcohol
electrooxidation reactions.

Forinstance, Ullahetal. prepared Ni-Pd nanoparticlesand used Cr,0, asasupport material for methanol electrooxidation
reaction (MOR) in alkaline media. Accordingly, it was found that compared to nanoparticles supported on activated
carbon and glassy carbon electrodes, Cr,O, addition to Ni-Pd resulted in a considerable improvement in catalytic activity
and tolerance for methanol oxidation [12]. Hassan and Hamid synthesized Ni-Cr,0,/C anode electrocatalyst for EOR in
alkaline media. They used Cr,O, to promote the EOR by increasing the charge transfer process in the Ni**/Ni** couple
transformation. They pointed out that, Cr,O, has similar catalytic activity in alkaline solutions as Co,0, or CuO , and
the presence of Cr,O,boosts the charge transfer process. Additionally, they reported that the addition of Cr,O, reduces
the particle size of Ni and enhances the catalytic activity towards EOR by increasing the active sites in the catalyst [13].
In an alkaline solution, the Ni** ion is thought to be the most important species for alcohol oxidation on Ni or Ni-based
electrodes. Furthermore, the presence of mixed oxides may act as an electron transfer mediator for EOR. Apparently,
Cr,0, is an important cocatalyst material for fuel cell applications among transition metal compounds [14-18]. It has the
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potential as a cocatalyst for alcohol electrooxidation processes [19, 20]. Unfortunately, the lack of studies with Cr,O, is a gap
in the literature therefore, this gap must be filled with valuable studies.

CeO, is amongst the most significant cocatalysts. Because of its good oxyphilic properties, CeO, is known to aid electron
transport during electrochemical processes. It has been documented in the literature that anode catalysts including CeO,
produce a high current density during the electrooxidation of alcohols and promote a negative onset potential shift. As
known, the shape and size of nanoparticles highly affect the activity of the catalysts they form. Thus, the morphology of CeO,
has been proven in the literature to affect catalyst interactions. CeO, nanorods are high aspect ratio nanomaterials and these
nanorods have been shown to have greater oxygen vacancy density and catalytic activity for processes such as EOR [21-25].

According to the literature research, it is known that transition metal oxides will increase the electrocatalytic activity
of Ni thus, this issue should be emphasized more. To our knowledge, there is no study in the literature that uses NiCr,O,-
CeO,,, electrocatalysts for EOR in alkaline media. Accordingly, the aim of this study is to find the most suitable weight ratio
for ethanol electrooxidation performance by synthesizing NiCr,0,-CeO,, electrocatalysts in different weight ratios using
Cr,0, and CeO, nanorods as cocatalyst and support materials. Nickel-containing catalysts were synthesized by the modified
polyol method and their physicochemical characterizations were investigated by XRD, SEM-EDS, and TEM techniques. The
electrochemical performances of the catalysts were observed by CV, LSV, and CA methods.

2. Materials and methods

2.1. Materials

Ethanol (Merck), NiCL.6H,O (Sigma Aldrich), NaOH (Sigma Aldrich), Hydrazine Hydrate (64%-65%, Sigma Aldrich),
Ethylene glycol (Merck), KOH (Sigma Aldrich), Cr(NO,),.9H,0 (Merck), Ce(NO,),.6H,0 (Merck). All the chemicals were
used as received without further purifications.

2.2. Preparation of the catalysts

Cr,0, NPs were synthesized via the thermal decomposition method [26]:

The required amount of Cr(NO,),.9H,0 is mixed with DI water and stirred at room temperature. The solution was dried
at 110 °C for 12 h and then calcinated at 800 °C (heating rate 5 °C min™') for 5h.

CeO,NRs were prepared as follows [27]:

3 g of Ce(NO,),.6H,O were dissolved in DI water. This solution is mixed with the required amount of 11.86 M NaOH
solution (70 mL) for 30 min and then, poured into an autoclave at 100 °C for 24 h. Next, the final solution was cooled down
to room temperature naturally, filtered, washed with DI water, and dried at 65 °C overnight.

Ni-Cr,0,/CeO, , electrocatalysts were synthesized via a modified polyol method [28]:

Required amounts of 0.1 M NiCl,.6H,0 in ethylene glycol (EG), EG, Cr,0, and CeO, NRs were mixed for a while then
the mixture was heated to 120 °C in an oil bath. Next, a proper amount of hydrazine hydrate (HH) was added and mixed for
2 min. Lastly, 0.5 M NaOH (in EG) was added and stirred. The reaction is completed with the formation of black participate.

Preliminary experiments were carried out to determine the catalyst combinations given in Table 1. As a result of the
preliminary experiments, the weight range used in the catalyst combinations was determined in Table 1. The aim here is to
find the weight ratio of the catalyst with the highest EOR performance among the prepared electrocatalysts. Each catalyst was
desired to contain 20% wt. CeO, NR and %80 wt. NiCr,O,. In addition, it is planned that the NiCr,O, portion of each catalyst
will have different weight ratios of Ni and Cr,O, NPs. Accordingly, NiCr,O; - 1, NiCr, O, -2, and NiCr,O, -3 have 95%, 90%,
and 85% Ni NPs by weight, respectively.

2.3. Morphological characterization

The X-ray diffraction (XRD) analyses were performed with Bruker D8 Advance device (40Kw, 40mA), with a Cu Ka radiation
over a 20 range from 2°-90° and with 3° min~! scanning rate. Microstructures of samples were investigated by SEM analysis
(XL-30 SEEG, Philips), TEM analysis was made with FEI TALOS F200S, XPS analysis (Phoibos 150 Specs).

Table 1. Weight ratios of the components in catalyst combinations.

NiCr,O,- NiCr,O,- NiCr,O,-
CeO, 1 CeO, 2 CeO, ;3
Ni (wt%) 76 72 68
Cr,0,(wt%) 4 8 12
CeO, NR (wt%) 20 20 20
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2.4. Electrochemical characterization

The electrocatalytic activity of the NiCr,0,-CeO, . electrocatalysts towards ethanol oxidation reaction (EOR) was
performed by CHI 1100C Potentiostat using a glassy carbon electrode (GCE) with an area of 0.07cm™ as working electrode,
a Pt wire as the counter electrode, and lastly an Ag/AgCl electrode as a reference electrode.

Nickel-based anode electrocatalysts were activated in 0.1M KOH solution at 0.01 Vs scan rate. CV, LSV, and CA
experiments were performed in a solution containing 0.05M KOH and 0.5M CH,CH,OH.

3. Results and discussion

3.1. Morphological characterization results

The XRD results of the synthesized catalysts are exhibited in Figure 1. Accordingly, the peaks observed at 20 = 24.5, 33.7,
36.3,39.8,41.5,44.3,50.31, 54.9, 58.4, 63.5, 65.2, 73.0, 76.9, 79.1 in Figure 1 were the (012), (104), (110), (006), (113), (202),
(024), (116), (122), (214), (300), (119), (220), (306) surfaces of Cr,O,, respectively [29]. Nickel (111), (200), and (220)
surfaces were observed at 2 = 44.32, 51.74, and 76.95 [12]. The surfaces of CeO2 (111), (200), (220), (311), (222), (400),
(331), and (420) are shown by the peaks at 2 = 28.60, 33.14, 47.55, 56.39, 59.16, 69.49, 76.79, 79.14, respectively [30]. Cr,O,
peaks are more prominent than CeO, peaks. Figure 1 shows the XRD findings of NiCr,0,-CeO,, electrocatalysts. All of
the components’ peaks are clearly selectable, and there are no peaks visible outside of them. As a result, binary catalysts
may plainly be observed to be effectively synthesized.

The SEM results of the Ni NPs, Cr,O, NPs, CeO, NRs, and NiCr,0,-CeO,, , electrocatalysts are given in Figure 2.
Characteristic structures of the Ni NPs, Cr,O, NPs, CeO, NRs can be selected clearly from Figure 2a-2c and therefore, it
can be concluded that the Ni NPs, Cr,0, NPs, CeO, NRs are well-synthesized. Figure 2d-2f represents the SEM results of
NiCr,0,-CeO, . electrocatalysts. It is seen that the surface of the NiCr,O, NPs was covered with CeO, NRs well.

The composition of the synthesized catalysts was investigated via EDS analysis, and the results are displayed in Figure 3.
Here, it is seen the EDS results of the NiCr,0,-CeO, . -1, NiCr,0,-CeO, , -2, NiCr,0,-CeO, . -3. The corresponding
elements namely, Ni, Cr, Ce, and O can be detected in the prepared samples. Accordlngly, the metallic Nickel atomic ratio
of the NiCr,0,-CeO, . -1, NiCr,0,-CeO, . -2, NiCr,0,-CeO, . -3 was determined as 95.66%, 91.23%, and 81.33%,
respectively.

The findings of the TEM study of the catalysts, which was carried out to gain more about the structural morphology and
particle size distribution of the electrocatalysts, are displayed in Figure 4. Due to the very small size and low weight fraction,
individual CeO, NRs on NiCr,O, NPs could not be distinguished in Figure 4a; exclusively CeO, NRs can be seen when TEM

images are magnlﬁed (see Flgure 4b-4c). Figure 4d shows the average particle size dlstrlbutlon for NiCr,0,-CeO,, -2

3.2. Electrochemical characterization results

Catalyst ink was prepared and applied to a glassy carbon electrode (GCE) for electrochemical analysis. To prepare the ink
200 pL of isopropyl alcohol, 10 pL of Nafion solution (5 wt%), and 1 mg of catalyst were ultrasonicated for 30 min. Also,
the surface area of the GCE is 0.07 cm?* and in order to load 1 mg cm™ catalyst, 15 pL of the catalyst ink was attached to
the GCE. The GCE’ surface was cleaned with AL, O, paste, washed with DI water, and dried under N, gas before the ink
was deposited.
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Figure 1. XRD results of NiCr,0,-CeO,, electrocatalysts.
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Figure 2. SEM results of a) Ni NPs, b) Cr,0, NPs c) CeO, NRs, d) NiCr,0,-CeO, . -1, €) NiCr,0,-CeO,, -2, f)
NiCr,0,-CeO, . -3.

Then, using CHI 1100C Potentiostat, electrochemical data were measured. Before each experiment, N, gas was
circulated through the solutions.

CV results are shown in Figure 5 for the synthesized electrocatalysts. CV voltammograms of the electrocatalysts were
obtained at a scan rate of 0.01 V s™! for electrolytes containing 0.1M KOH and 0.05M KOH+0.5M Ethanol.

The onset potential and current density are the two prominent parameters that characterize the activity of electrocatalysts.
Complete ethanol oxidation to CO, is a necessary condition for achieving the highest current. Figure 5a indicates that in
the absence of ethanol, two redox peaks at 580 mV (anodic peak) and 450 mV (cathodic peak) were seen on the synthesized
catalysts. These peaks are attributable to the nickel hydroxide (Ni(OH),)/nickel oxo hydroxide (NiO(OH)) transition [31].

A rise in current density and/or the occurrence of an anodic peak indicating ethanol electrooxidation are two essential
signs of the electrocatalyst’s activity towards ethanol electrooxidation. With the addition of ethanol to the blank media,
the obtained current density for each of the synthesized catalysts was enhanced. Depending on the weight percentage of
Cr,0, NPs were present in the structure, the peak intensity varied. Consequently, introducing Cr,0, NPs increased the
synergistic effect and showed broad oxidation peaks.

Among the synthesized catalysts illustrated in Figure 5b, the NiCr,O,-CeO, . -2 electrocatalyst has the highest current
density. Additionally, the catalysts’ onset potentials were examined. As a consequence, adding more Cr,O, NPs until a
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Figure 3. EDS analysis results of a) NiCr,0,-CeO, . -1, b) NiCr,0,-CeO, . -2, ¢) NiCr,0,-CeO, , . -3
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proper amount caused the onset potentials to move negatively, indicating better catalytic activity. This increase in current
density confirmed findings that the amount of Cr,0, NPs and Ni seeks to enhance EOR. Because the amount of Cr,O, NPs
in the catalyst is crucial for maximizing the synergistic effect since too many Cr,O, NPs may obstruct the catalyst’s active
sites and reduce the synergistic effect, which will ultimately affect the electrocatalyst’s activity and durability.
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In conclusion, NiCr,0,-CeO, . electrocatalysts are beneficial at EOR, and the suitable participation of Cr,O, has
increased anodic peak current density. As can be observed from the CV tests, the electrocatalysts’ various metallic nickel
weight percentages mainly generated diverse catalytic activity. It is noticeable that the catalytic activity is accelerated
with a cocatalyst, even if an increase in the quantity of metallic nickel in the electrocatalyst structure does not imply an
enhancement in the electrocatalytic activity. It was noticed that the amount of metallic nickel had greatly changed the
catalytic activity of the synthesized catalysts and that there was a link between the maximum current density and the
amount of metallic nickel in the catalyst.

The electrocatalyst’s overpotential, or the point at which the current density increases as a result of EOR, is known as
the onset potential. It is crucial for an effective anode electrocatalyst to have a low onset potential and high current density
since a superior electrocatalyst may be detected with lower overpotential. The overpotential is reduced when the cocatalyst
is added to the electrocatalyst structure. Accordingly, the onset potentials and maximum current densities of the NiCr,O,-
CeO, -1, NiCr,0,-CeO, , -2, and NiCr,0,-CeO,, -3 are given in Table 2.

Anodic Tafel plots of the synthesized catalysts are given in Figure 6. To derive the Tafel plots, the LSV technique
was used, and the curves were recorded at a sweep rate of 1 mV s in 0.05 M KOH + 0.5 M ethanol solution. The Tafel
curves presented in Figure 6 showed that NiCr,0,-CeO,, -2 had the lowest slope values (3.56 V dec™), implying a lower
overpotential and better reaction kinetics for oxidizing ethanol among the synthesized catalysts. The NiCr,0,-CeO,, -2
surface’s electron-transfer kinetics for EOR are better compared to other electrocatalysts according to the lower Tafel slope
values. The Tafel slope’s decrease suggests an improvement in the EOR’s kinetics and could possibly predict an earlier
C-C bond cleavage. The transfer coefficient (a) of NiCr,0,-CeO,, -1, NiCr,0,-CeO, . -2, and NiCr,0,-CeO, . -3 for
electrooxidation of ethanol was determined to be 0.816, 0.925, and 0.875, respectively where the Tafel slope being equal to
n(1-a)F/2.303 RT [32].

Figure 7 displays the catalysts’ LSV experiment results. Greater current density resulted from a higher scan rate, and
this correlation enables us to determine the catalysts’ diffusion coefficients. The diffusion coefficients are determined using
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Figure 5. CV voltammograms of NiCr,0,-CeO,
0.01 Vst

.a)in 0.05 M KOH at 0.01 V 5%, b) in 0.05 M KOH + 0.5 M ethanol at

R

Table 2. The onset potentials and maximum current densities of the NiCr,0,-CeO,, -1, NiCr,O,-

CeO,,. -2, and NiCr,0,-CeO, , -3.
Onset potential (mV) Maximum current density (mA cm?)
NiCr,0,-CeO, -1 519 10.6
NiCr,0,-CeO, -2 508 12
NiCr,0,-CeO,__ -3 515 10.8

201



KAZAN-KAYA and BAYRAMOGLU / Turk ] Chem

-1.50

-1.75

-2.00 4

-2.25 4

-2.50

Logi (mA cm™)

-2.75 4

——NiCr,0,-CeO,,, -1
NiCr,0,-CeO,,, -2
——NiCr,0,-Ce0,,, -3
3.25 . T ; T

0.30 0.35 0.40 0.4
Potential (V) vs. Ag/AgCl

Figure 6. Tafel plots of NiCr,0,-CeO, . - 1, NiCr,0,-CeO,, - 2,
NiCr,0,-CeO, . - 3, respectively.

-3.00

5 0.50

the Randles-Sevcik formula shown below. A graph of i vs. v'"?is created in order to interpret this equation.

i, = 0.4463nFAC(%)”2

(1)

Here, the i is peak current density, n is the number of electrons transferred (2.8), F is Faraday constant, A is electrodes
geometric surface area, C is concentration, v is scan rate, D is diffusion coefficient, R is universal gas constant and T is
temperature [33].

The role of Cr,0, NPs in advancing the Ni catalyst toward the electrooxidation process is supposed to be well addressed
by the calculation of several kinetic parameters. Accordingly, the diffusion coefficient is one of the most important
parameters. NiCr,0,-CeO, . -1, NiCr,0,-CeO, . -2, and NiCr,0,-CeO, . -3 electrocatalysts have diffusion coefficients
of 6.31 x 107 cm? s}, 1.62 x 10® cm? s7!, and 6.31 x 10 cm? s7!, respectively. For EOR in alkaline media, Hassan and
Abdel-Hamid determined the diffusion coefficient for Ni-Cr,0,/C as 6.2 x 10™* cm?s™". [14] Barakat et al. found diffusion
coeflicients for Ni-CNFs as 3.05 x 107° cm? s™.[34] Wang et al., reported that the diffusion coeflicient of spherical
Ni(OH), microencapsulated by cobalt NPs is 1.2 x 10~ cm?s™. [35] Our findings outperform those found in the literature,
and the NiCr,0,-CeO,, -2 electrocatalyst has the greatest diffusion coefficient among all those tested. Increased reaction
kinetics result from an increase in the diffusion coefficient, which simplifies diffusion control.

The data of CA testing to examine the catalysts’ endurance are shown in Figure 8. Since the CHI 1100C potentiostat
only permits 1000s for CA testing, the time frame was 1000 s. Chronoamperometry tests for the synthesized catalysts were
conducted and the results are given in Figure 8. It is clear from the CV tests that the ErCi (Reversible Electron Transfer
Followed by an Irreversible Homogeneous Chemical Reaction) mechanism may be involved in the EOR process [36].
As a result, under that scenario, undesirable intermediates may occur; these intermediates may even be toxic. Since it is
common knowledge that poisoning intermediates can reduce catalytic activity when they are adsorbed. Therefore, the
antipoisoning capability of a high-performance catalyst is crucial. Different metals and oxides may be used in catalysts to
avoid catalyst poisoning. For instance, Wang et al., synthesized Pt-MO /C (M= Ce, Zr) electrocatalysts and conducted a
CA experiment to investigate the stability of the synthesized electrocatalysts for 1000 s in 0.1M H_SO, + 1.0M C,H,OH
solution. Accordingly, they reported that the stability of Pt-CeO,-ZrO, (Ce:Zr = 2:1) is the best among the synthesized
catalysts [37]. Another study was made by Chai et al., and they prepared Ir,Sn-CeO,/C electrocatalyst for EOR. Their CA
results indicated that the stability of Ir,Sn-CeO,/C is better than Ir,Sn/C, Ir/C, and Pt/C [38]. Accordingly, the stability of
NiCr,0,-CeO, . -2 is better than the NiCr,0,-CeO,, -1 and NiCr,0,-CeO,, -3. These results are coherent with the CV
and LSV tests. Therefore, it can be concluded that the resistance to catalytical poisoning of NiCr,0,-CeO, . -2 is better
among the synthesized catalysts. On the other hand, it was seen that the stability of NiCr,0,-CeO, . -3 is very poor. It
can be a result of covered active sites of the catalysts or agglomerated particles. Accordingly, the importance of the catalyst
composition is proven.

4. Conclusion

NiCr,0,-CeO, . anode catalysts were prepared successfully, physicochemical, and electrochemical characterizations of
the catalysts were investigated. The effects of Cr,0, NPs added to the structure of the catalyst on the current density
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Figure 7. (a-b) LSV results and i i vs. v graphs of NiCr,O, CeOZNRS -1, (c=d) LSV results and ip vs. v graphs of NiCr,0,-CeO,, -
(e-f) LSV results and i vs. v'? graphs of NiCr,0,-CeO, . - 3, respectively.

were observed. The intensity of the peaks observed during the electrochemical characterizations changed depending on
the weight percent of the Cr,0, NPs in the structure and the NiCr,0,-CeO,, -2 electrocatalyst had the highest current
density. When the onset potentials of the synthesized catalysts were examined, it was reported that adding an appropriate
amount of Cr203 NP showed better catalytic activity by causing the onset potentials to shift in the negative direction.
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However, the increase in the amount of Cr,O, NPs in the synthesized electrocatalysts can clog the active sites of the Ni
catalyst after a certain point, thus reducing the activity and durability of the electrocatalyst. This situation is most clearly
seen in CA experiments. In conclusion, NiCr,0,-CeO, . electrocatalysts are useful in EOR and appropriate incorporation
of Cr,0, increased the anodic peak current density.

Acknowledgement
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

References

1. Tapan NA. A Mechanistic Approach to Elucidate Ethanol Electro-oxidation. Turkish Journal of Chemistry 2007; 31: 5.

2. Tapan NA, Oztiirk E. Performance analysis for direct 2-propanol fuel-cell based on Pt containing anode electrocatalysts. Turkish Journal of
Chemistry 2009; 33: 4.

3. Becerik I, Kadirgan F. Electrooxidation of Methanol and Formic Acid on Platinum Dispersed Polypyrrole Electrodes Turkish Journal of
Chemistry 2001; 25: 3.

"~

. Bayramoglu M, Cigeroglu Z, Kazan ES. Experimental evaluation of the efficiency performance of the DMFC. Environmental Progress and
Sustainable Energy 2020; n/a(n/a): e13454. doi:10.1002/ep.13454

5. Bayramoglu M, Kazan ES, Cigeroglu Z, Vasseghian Y. Determination of component drags coeflicients in direct methanol fuel cell. Sustainable
Energy Technology Assessments. 2022; 52: 102212. https://doi.org/10.1016/j.seta.2022.102212

6. Dursun, Z, Karabiberoglu SU, Gelmez, B, Basaran A. Electrocatalytic oxidation of ethanol on various metal ad-layer modified Au(111)
electrodes in alkaline solution. Turkish Journal of Chemistry 2011; 35: 3.

7. Eisa T, Mohamed HO, Choi Y-J, Park S-G, Ali R et al. Nickel nanorods over nickel foam as standalone anode for direct alkaline methanol
and ethanol fuel cell. International Journal of Hydrogen Energy. 2020; 45 (10): 5948-5959. https://doi.org/10.1016/j.ijjhydene.2019.08.071

8.Liu H, Zhu S, Cui Z, Li Z, Wu S, Liang Y. Unveiling the roles of multiple active sites during oxygen reduction reaction in Cr203@Cr-N-C
composite catalyst. Journal of Catalysis 2021; 396: 402-408. https://doi.org/10.1016/j.jcat.2021.03.015

9. Ghotekar S, Pansambal S, Bilal M, Pingale SS, Oza R. Environmentally friendly synthesis of Cr203 nanoparticles: Characterization,
applications and future perspective — a review. Case Studies in Chemical and Environmental Engineering 2021; 3: 100089. https://doi.
org/10.1016/j.cscee.2021.100089

10. Huang K, Zhang D, Hu M, Hu Q. Cr203/C composite coatings on stainless steel 304 as bipolar plate for proton exchange membrane fuel cell.
Energy 2014; 76: 816-821. https://doi.org/10.1016/j.energy.2014.08.076

11. Liu Y, Chen DY. Protective coatings for Cr203-forming interconnects of solid oxide fuel cells. International Journal Hydrogen Energy 2009;
34 (22): 9220-9226. https://doi.org/10.1016/j.ijhydene.2009.09.022

204



12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

KAZAN-KAYA and BAYRAMOGLU / Turk ] Chem

Khan IA, Ullah S, Nasim F, Choucair M, Nadeem M-A et al. Cr203-carbon composite as a new support material for efficient methanol
electrooxidation. Material Research Bulletin 2016; 77: 221-227. https://doi.org/10.1016/j.materresbull.2016.01.037

Hassan HB, Abdel Hamid Z. Electrodeposited Ni-Cr203 nanocomposite anodes for ethanol electrooxidation. International Journal of
Hydrogen Energy 2011; 36: 5117-5127. d0i:10.1016/j.ijhydene.2011.01.024

Han S-H, Liu H-M, Chen P, Jiang ], Chen Y. Porous Trimetallic PtRhCu Cubic Nanoboxes for Ethanol Electrooxidation. Advanced Energy
Materials 2018; 8: 1801326. d0i:10.1002/aenm.201801326

Lv E Zhang W, Sun M, Lin E Wu T et al. Au Clusters on Pd Nanosheets Selectively Switch the Pathway of Ethanol Electrooxidation:
Amorphous/Crystalline Interface Matters. Advanced Energy Materials 2021; 11 (19): 2100187. https://doi.org/10.1002/aenm.202100187

Abdel Hameed RM. Tin oxide species as promotive additives to Ni-P/C electrocatalysts for ethanol electro-oxidation in NaOH solution.
Microchemical Journal. 2019; 146: 250-257. https://doi.org/10.1016/j.microc.2019.01.011

Wang W, Li R, Zhang R, Ma ], Wang B. Electrocatalytic oxidation of methanol on glassy carbon electrode modified with nickel-manganese
salen complexes encapsulated in mesoporous zeolite A. Journal of Electroanalytical Chemistry 2015; 742: 110-121. https://doi.
0rg/10.1016/j.jelechem.2015.01.036

Liu C, Shen Y, Zhang J, Li G, Zheng X et al. Multiple Twin Boundary-Regulated Metastable Pd for Ethanol Oxidation Reaction. Advanced
Energy Materials 2022; 12 (8): 2103505. https://doi.org/10.1002/aenm.202103505

LiY, Cao X, Wang L, Wang Y, Xu Q, Li Q. Light-induced deposition of Pd-based nanoalloy on TiO2 nanotubes for formic acid electrooxidation.
Journal of the Taiwan Institute of Chemical Engineers 2017; 76: 109-114. https://doi.org/10.1016/j.jtice.2017.03.015

Meléndez-Gonzélez PC, Sdnchez-Castro E, Alonso-Lemus IL, Pérez-Hernandez R, Escobar- Morales B et al. Bifunctional Pd-CeO2
Nanorods/C Nanocatalyst with High Electrochemical Stability and Catalytic Activity for the ORR and EOR in Alkaline Media.
ChemistrySelect 2020; 5 (44): 14032-14040. https://doi.org/10.1002/slct.202003755

Chai D, Wang W, Wang F, Jing W, Wang P, Lei Z. Heterogeneous Ir3Sn-CeO2/C as alternative Pt-free electrocatalysts for ethanol oxidation
in acidic media. International Journal of Hydrogen Energy 2017; 42 (15): 9775-9783. https://doi.org/10.1016/j.jjhydene.2016.12.139

Kakaei K, Marzang K. One - Step synthesis of nitrogen doped reduced graphene oxide with NiCo nanoparticles for ethanol oxidation in
alkaline media. Journal of Colloid and Interface Science 2016; 462: 148-153. https://doi.org/10.1016/j.jcis.2015.09.072

Menéndez CL, Zhou Y, Marin CM, Lawrence N-J, Coughlin E-B et al. Preparation and characterization of Pt/Pt:CeO2—x nanorod catalysts
for short chain alcohol electrooxidation in alkaline media. RSC Advances 2014; 4 (63): 33489-33496. d0i:10.1039/C4RA03807]

Bian Z, Chan YM, Yu Y, Kawi S. Morphology dependence of catalytic properties of Ni/CeO2 for CO2 methanation: A kinetic and mechanism
study. Catalysis Today 2020; 347: 31-38. https://doi.org/10.1016/j.cattod.2018.04.067

Amin NAS, Tan EE Manan ZA. Selective reduction of NOx with C3H6 over Cu and Cr promoted CeO2 catalysts. Applied Catalysis B
Environmental 2003; 43 (1): 57-69. https://doi.org/10.1016/50926-3373(02)00275-8

Kazan-Kaya ES, Bayramoglu M. Investigation of ethanol fuel electrooxidation reaction on Ni-CeO2NRs anode electrocatalyst in alkaline
media. Journal of Electroanalytical Chemical 2022; 927: 116982. https://doi.org/10.1016/j.jelechem.2022.116982

Eluri R, Paul B. Synthesis of nickel nanoparticles by hydrazine reduction: mechanistic study and continuous flow synthesis. Journal of
Nanoparticle Research 2012; 14 (4): 800. doi:10.1007/s11051-012-0800-1

Tsegay MG, Gebretinsae HG, Nuru ZY. Structural and optical properties of green synthesized Cr203 nanoparticles. Materials Today:
Proceedings 2021; 36: 587-590. https://doi.org/10.1016/j.matpr.2020.05.503

Liang H, Raitano J, He G, Akey A, Herman I et al. Aqueous co-precipitation of Pd-doped cerium oxide nanoparticles: Chemistry, structure,
and particle growth. Journal of Materials Science 2012; 47: 1-9. doi:10.1007/s10853-011-5798-8

Barbosa AFB, Oliveira VL, van Drunen J, Tremiliosi-Filho G. Ethanol electro-oxidation reaction using a polycrystalline nickel electrode
in alkaline media: Temperature influence and reaction mechanism. Journal of Electroanalytical Chemistry 2015; 746: 31-38. https://doi.
org/10.1016/j.jelechem.2015.03.024

Hassaninejad-Darzi SK, Gholami-Esfidvajani M. Electrocatalytic oxidation of ethanol using modified nickel phosphate nanoparticles and
multi-walled carbon nanotubes paste electrode in alkaline media for fuel cell. International Journal of Hydrogen Energy 2016; 41 (44):
20085-20099. https://doi.org/10.1016/j.ijhydene.2016.09.091

Kazan ES, Bayramoglu M. Molybdenum compound cocatalyzed Ni-based anode electrocatalysts for EOR in alkaline media. International
Journal of Energy Research 2021; 45 (9): 12806-12824. https://doi.org/10.1002/er.6613

Barakat NAM, Moustafa HM, Nassar MM, Abdelkareem MA, Mahmoud MS et al. Distinct influence for carbon nano-morphology on the
activity and optimum metal loading of Ni/C composite used for ethanol oxidation. Electrochimica Acta 2015; 182: 143-155. doi:10.1016/j.
electacta.2015.09.079.

205



KAZAN-KAYA and BAYRAMOGLU / Turk ] Chem

35. Wang XY, Yan ], Zhang YS, Yuan HT, Song DY. Cyclic voltammetric studies of pasted nickel hydroxide electrode microencapsulated by
cobalt. Journal of Applied Electrochemistry 1998; 28 (12): 1377-1382. doi:10.1023/A:1003421701762.

36. Elgrishi N, Rountree KJ, McCarthy BD, Rountree ES, Eisenhart TT, Dempsey JL. A Practical Beginner’s Guide to Cyclic Voltammetry.
Journal of Chemical Education 2018; 95 (2): 197-206. doi:10.1021/acs.jchemed.7b00361

37. WANG Q, LIU Z, AN S, WANG R, WANG Y, XU T. Effect of CeO2-ZrO2 on Pt/C electrocatalysts for alcohols oxidation. Journal of Rare
Earths 2016; 34 (3): 276-282. https://doi.org/10.1016/5S1002-0721(16)60025-X

38. Chai D, Wang W, Wang F, Jing W, Wang P, Lei Z. Heterogeneous Ir3Sn-CeO2/C as alternative Pt-free electrocatalysts for ethanol oxidation
in acidic media. International Journal of Hydrogen Energy 2017; 42 (15): 9775-9783. https://doi.org/10.1016/j.ijjhydene.2016.12.139

206



