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초록:  이번 연구를 통해서 이전에 보고되지 않은 구조를 가진 전기화학 음극 촉매를 성공적으로 개발했다.  이는

EDTA와 Co의 결합에 P를 도핑함으로써 제작되었다. EDTA는 6개의 리간드 부위를 통하여 전이금속과 6개의 배위

결합을 진행하여 팔면체의 구조를 형성한다. 또한 헤테로 원자를 도핑함으로써, 촉매 표면의 원자 및 스핀전하 밀도

를 변화시켜 산소의 흡착에너지를 낮추어 산소환원반응에 보다 유리하게 변화시켜 촉매의 특성을 향상시킨다. 성공

적인 촉매를 합성하기 위해 간단한 1단계 열분해 반응을 통하여 Co 및 P를 EDTA와 합성하였으며, 그 결과 Co 및

P의 첨가로 인해 전기화학적 특성의 증가가 증명되었다. 또한 이 연구는 단순히 Co와 P가 각각 더해지는 효과 그

이상의 상승효과를 보였다.

Abstract: In this study, we successfully developed an electrochemical cathodic catalyst with a previously unreported

structure. In essence, a new material was fabricated by doping EDTA-Co with P. EDTA has six ligand sites and forms

an octahedral structure through six coordination bonds with transition metals. In addition, by doping hetero atoms, the

atomic and spin charge density of the catalyst surface are changed to lower the adsorption energy of oxygen, which leads

to more favorable reactions and enhances the catalytic properties. Co and P were added to EDTA to synthesize a suc-

cessful catalyst, and testing confirmed an increase in electrochemical performance due to the addition of Co and P. More-

over, this work demonstrates that the synergy effect exceeds that of simply adding Co and P.

Keywords: oxygen reduction reaction (ORR), ethylenediaminetetraacetic acid (EDTA), phosphorus (P) doping micro-

porous carbon, high specific surface area, six coordination between Co and EDTA.

Introduction

Due to the continuously increasing energy consumption and

depletion of environmentally harmful fossil fuels, the devel-

opment of eco-friendly and renewable energy is attracting sig-

nificant attention from the scientific research community.1

Among the various energy storage media options, metal-air

batteries have high energy storage density and theoretically

have an air electrode serving as the cathode electrode, which

allows an infinite supply of resources. In addition, metal-air

batteries have the advantage of being very similar in structure

and function to the widely used Li-ion battery, which elim-

inates any large changes in energy storage industrial pro-

cessing.2-4

The electrochemical performance of a metal-air battery is

determined by its reactivity with oxygen in the air electrode’s

cathode. The more oxygen that is adsorbed and desorbed on

the electrode’s surface, the more electric charge that gets gen-
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erated, and the higher the energy storage density. Therefore, in

order to obtain a metal-air battery with high energy storage

density, the cathode electrode’s oxygen reactivity must be ele-

vated.5,6 However, this poses a challenge, as the cathode has a

very low reactivity with oxygen, and thus requires a catalyst

material to increase the reactivity. Various studies have been

conducted to determine the optimal electrochemical catalyst

required at the cathode. Several studies have shown Pt/C to be

the best performing catalyst.7 However, on account of Pt/C has

resource scarcity and high cost, carbon-based materials have

been studied as alternatives, due to their low cost and spe-

cialized properties. However, the catalyst composed only of

carbon has low reactivity with oxygen and is low in efficiency

as an electrochemical catalyst. In order to overcome this, dop-

ing with hetero atom (B, N, S, P) improves performance.8,9

Moreover, synergistic effects are produced through bonding

with metals.10

Many previous studies have conducted material-based

experiments that consist only of carbon such as carbon nano-

tube (CNT) and graphene. In this study, however, ethylene-

diaminetetraacetic acid (EDTA) was selected as the carbon-

based catalyst material. EDTA contains two amine-like struc-

tures that contain N. This has the advantage of having pyr-

idinic N, pyrrolic N, graphitic N and oxidized N structures of

N-doped material even without N doping. EDTA has six

ligand functional groups; when it encounters transition metals,

it undergoes coordination bonding to form octahedral struc-

tures.11,12 Throughout this process, the EDTA maintains a

porous texture and high surface area, which is highly advan-

tageous for an electrochemical catalyst. The electrolyte and air

move between the pores and the coexistence of all three-

phases (gas-liquid-solid) increases oxygen reactivity and pro-

vides a smooth passage for charge transfer.13,14 In this work, we

report the development of a novel electrochemical catalyst

through the combination of EDTA and cobalt (Co), a member

of the transition metal family. Furthermore, the addition of P

generates supplemental synergistic effects that demonstrates

the efficacy of our EDTA-Co and P catalyst15— a solution, that

to the best of our knowledge, has yet to be proposed.

Experimental

Synthesis of EDTA-Co Bond Precursor. All reagents

were used without further purification. 1.6 g of EDTA (≥ 99%,

Sigma-Aldrich) was added to 20 mL of DI water and stirred

for 2 h. Next, the solution was ultrasonicated and dispersed for

4 h (VCX-750, Ultrasonic Processor) using a 750 W output.

0.3 g of Co(Cl)2·6H2O (97%, Deajung Chemical Co., Korea)

was added to the dispersed EDTA solution to induce bonding

between the EDTA and Co constituents. Finally, the solution

was stirred for 20 min and allowed to stand for 2 h until bond-

ing completed. The EDTA-Co bonded precursor was obtained

after washing and filtering with DI water.

Synthesis of Porous Electrocatalytic Samples. 1.6 g of

EDTA or EDTA-Co, 0.8 g of triphenylphospine (≥95%, Sigma-

Aldrich) 0.8 g of potassium hydroxide (85%, Sigma-Aldrich),

and 0.8 g of melamine (99%, Deajung Chemical Co., Korea)

were mixed in a mortar until it transformed into a semi-solid

state with an adhesive-like viscosity. The resulting mixture was

transferred to an alumina boat and calcined at a heating rate of

10 oC/min to 750 oC for 2 h under N2 flow. After the sample

cooled, it was refluxed in 200 mL of 0.1 M sulfuric acid

(H2SO4, 0.1 N Standard Solution, Alfa-Aesar) at 80 oC for 12 h

to remove impurities. Afterwards, the products were washed

with DI water and ethanol, filtered, and dried overnight in a

70 oC oven. Using this experimental method, the product sam-

ples’ EDTA-Co bond were determined depending on the initial

EDTA and EDTA-Co material selection, and the P doping can

be controlled depending on the presence or absence of triph-

enylphospine.

Sample Characterization Methods. The sample mate-

rials’morphology and porous structure was determined by

field-emission scanning electron microscopy (FE-SEM,

SIGMA, Carl Zeiss) and field-emission transmission electron

microscopy (FE-TEM, JEM-F200) with an energy dispersive

spectroscopy (EDS) detector. The crystal structures’EDTA-Co

bonds were characterized via X-ray diffraction (XRD, Bruker-

AXS) with a 2θ = 20o to 80o diffraction range. The diffrac-

tometer operated at 40 kV and was equipped with a Cu Kα

radiation source.

Schem 1. Fabrication process of EDTA-Co with P.
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Electrochemical Property Measurements. Measurements

of the electrocatalytic (Produced by the method shown in

Schem 1) bifunctional properties (Oxygen Reduction Reaction

- ORR & Oxygen Evolution Reaction - OER) and three-elec-

trode mechanism system were carried out with a potentiostat

(CH Instruments 600E, USA) and a rotating-disk electrode

(RDE). Platinum wire (counter electrode), Ag/AgCl electrode

(reference electrode), and a glassy carbon electrode (GCE,

diameter: 5.0 mm, working electrode) were used for taking

measurements. Prior to the measurements, the GCE surface

was cleaned on the polishing pad with 1 μm of polishing dia-

mond and 0.05 μm of polishing alumina; then rinsed with DI

water. Next, a catalytic ink (1000 μL mixture) was fabricated

by adding 4.0 mg of powdered sample to 5% Nafion solution,

isopropanol, and DI water in a solution volume ratio = 1:3:6.

After sonication for 1 h, 7 μL of ink was dropped onto the

GCE surface and allowed to dry for 40 min at 40 oC. 0.1 M

KOH electrolyte was purged with oxygen and nitrogen for 1 h

and then the bifunctional test was performed. The bifunctional

properties of electrocatalytic activity were evaluated by linear

sweep voltammetry (LSV) and cyclic voltammetry (CV) at 10

mV/s of scan rate in a voltage range from 0.2 to -1.0 V (ORR

with O2 sat) and 0.2 to 1.0 V (OER with N2 sat) with rotation

speeds from 1600 rpm.

Results and Discussion

The electrocatalytic samples’ porous properties and the mor-

phological structure of EDTA with Co and P were examined

via FE-SEM. In this study, EDTA was used as the main base-

carbon material, to which a suitable amount of Co and P were

added. The carbon-based material has high stability and dura-

bility, but it improves reactivity by doping hetero atom to

improve the disadvantage of low reactivity with oxygen. N is

the most widely used hetero atom, but in this study, P was used

to induce synergistic effects with cobalt. Phosphorus is located

in the same group as nitrogen and has as much charge as nitro-

gen, so it is expected to increase the reactivity with oxygen by

redistributing charge when doping carbon material. In addition,

when Co and P co-doping, the spin density and charge energy

density on the catalyst surface change, leading to more positive

effects than simply adding the effects of cobalt and P, respec-

tively.

Figure 1(a) depicts low magnification SEM images of

EDTA, which shows carbon planks similar to a plate. How-

ever, when combined with Co, EDTA exhibits a porous

appearance (see Figure 1(b)). EDTA interacts with the tran-

sition metal to form six coordination bonds; it also exhibits an

octahedral structure. Throughout this process, EDTA maintains

a porous texture and develops a wider specific surface area.

Figure 1(c) and 1(d) are high magnification images of P doped

EDTA-Co. Note the rough surface and porous structure, which

indicates that the Co and P particles were cultivated next to

carbon’s porous structure. In addition, the high magnification

SEM image shows pore sizes in the micropore range, i.e.,

≤ 2.0 nm

The electrocatalytic samples’ EDS mapping image (in Fig-

ure 2) shows that the C, N, P and Co elements are grown in

high concentrations. Because the primary material is carbon-

based, carbon’s EDS mapping range is the most clear and dis-

tinct. In addition, the image confirms that P is uniformly dis-

persed throughout the material, which demonstrates that P can

Figure 1. FE-SEM images of (a) low-magnification EDTA; (b)

EDTA-Co; (c) and (d) high-magnification EDTA-Co with P.

Figure 2. EDS mapping images (element of C, N, P, Co) by FE-

SEM.
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facilitate the C and Co bonding process. The EDS mapping

image also depicted cultivation of Co particles, indicating that

the amount of Co particles was contained. These results

demonstrate that the cathode catalytic samples were success-

fully synthesized.

In Figure 3, the XRD pattern was acquired to confirm the

morphology and formation/extent of EDTA-Co bonding. Var-

ious diffraction peaks were identified, including C and Co, and

an amorphous characteristic. The 2θ = 24o peak with most pro-

nounced crystallinity is a reflection of the original carbon

phases.16 Furthermore, the intensity and width of the diffrac-

tion peaks increase with increasing Co and P content. In addi-

tion, the peak at 35o verifies the formation of an orthorhombic

phase perovskite-like structure.17 The peak at 39o is a Co related

peak. As P is added, the peak is incresed, indicating that P adds

a synergistic effect to the binding of EDTA and Co.18

Materials comprised of EDTA-Co supplemented with P

have a high electrocatalytic activity performance, e.g., ORR

and OER, owing to their large surface area and the com-

bination of P and Co elements enhancing the synergy effect of

the C graphitic properties. Electrochemical measurements (CV,

ORR, and OER) of the samples were evaluated via the RDE

method using a typical three-electrode system. ORR and OER

experiments on the cathodic catalyst samples and Pt/C material

were performed by immersing them in O2 and N2 saturated

0.1 M KOH and taking RDE measurements at 1600 rpm and

a 10 mV/s scan rate to confirm the electrochemical charac-

teristics of the catalysts. Cyclic voltammetry (CV) curves (see

Figure 4) focused on the oxygen reduction peak of the samples

and Pt/C material in a voltage range from -1.0 to 0.2 V (vs. Ag/

AgCl). The corresponding CV curve exhibits reversible char-

acteristics that enables both charge and discharge. Catalysts not

containing Co and P show a very weak reaction peak and low

onset potential (-0.185 V). The peak intensity increases as the

amount of additive Co, P and Co with P increases, and the

onset potential gradually increases (faster) as well (EDTA:

-0.185 V, EDTA with P: -0.173 V, EDTA-Co: -0.152 V, EDTA-

Co with P: -0.059 V).

The LSV curve also demonstrates the enhancement in elec-

trochemical properties with the addition of Co and P. The elec-

trocatalytic performance was obtained by RDE measurement

at 1600 rpm and 10 mV/s of scan rate using oxygen saturated

0.1 M KOH solution. Analysis of the LSV curve in Figure 5

shows that the onset potential and the half-wave potential of

EDTA-based materials and P-containing EDTA materials are

almost identical (Eonset: -0.123 V, Ehalf-wave: -0.178 V). P shows

that charge redistribution occurs due to changes in charge den-

sity and spin density, and the current density is higher as com-

pared to the EDTA material alone (-4.12 to -4.58 mA/cm2). Co

exhibited a greater synergistic effect with EDTA material than

P (Eonset: -0.105 V, Ehalf-wave: -0.163 V). Co has an octahedral

structure and six coordination bonds with EDTA, as well as a

high surface area, both of which lead to high performance in

an electrochemical catalyst. A material in which Co and P are

jointly added has more than just two effects (Eonset: -0.087 V,

Ehalf-wave: -0.149 V). These results are caused by the P charge

redistribution effect and the high specific surface area through

the six EDTA-Co coordination bonds.

Figure 3. XRD patterns of EDTA, EDTA-Co and EDTA-Co with P

catalyst.
Figure 4. Cyclic voltammetric profile for electrochemical catalyst

in O2-saturated 0.1 M KOH electrolyte at scan rate of 10 mV s-1.
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The OER curve showing the electrochemical catalyst char-

acteristics with ORR is shown in Figure 6. The RDE was mea-

sured using a rotating speed of 1600 rpm and a scan rate of

10 mV/s with nitrogen saturated 0.1 M KOH solution. The

results are in good agreement with the CV and LSV curves,

and shows that the performance increases with the addition of

P and Co in OER activities. Only EDTA (0.748 V), EDTA

with P (0.676 V), EDTA-Co (0.662 V) and EDTA-Co with P

(0.607 V) show an increase in onset potential. Furthermore,

with the exception of only EDTA material, the samples show

higher onset potential than Pt/C (0.683 V), which is itself an

excellent electrochemical catalyst. In addition, the catalytic

samples reached a current density of 4 mA/cm2 at a faster

potential than Pt/C (see Table 1). Table 1 compares the sam-

ples’ electrochemical properties (OER) and those of Pt/C.

Thus, through the above-mentioned electrochemical experi-

ments, we confirmed the positive effect P and Co individually

contribute, and demonstrated the development of a successful

electrochemical catalyst based on a superior synergistic effect

when P and Co are simultaneously added.

In this work, these changes were evaluated using a chrono-

amperometric approach where measurements were performed

at -0.6 V for 20000 s in an O2 saturated 0.1 M KOH media in

Figure 7. Pt/C shows a sharp drop in the initial stage of oper-

ation, and then decreases steadily, demonstrating that decreases

by 70.3%. However, EDTA-Co with P electrocatalyst has no

rapid drop in relative current and shows high durability of

78.8% after running for 20000 s.

Conclusions

In this work, we successfully demonstrated the synergistic

Figure 5. LSV curves (ORR) of EDTA, EDTA with P, EDTA-Co,

EDTA-Co with P and Pt/C at rotating speed of 1600 rpm with O2

saturated 0.1 M KOH media.

Figure 6. LSV curve (OER) of EDTA, EDTA with P, EDTA-Co

and EDTA-Co with P at rotating speed of 1600 rpm with N2 satu-

rated 0.1 M KOH electrolyte.

Table 1. Comparison of OER Catalytic Performance for

EDTA, EDTA with P, EDTA-Co, EDTA-Co with P and Pt/C

Catalysts
Eonset (V) 

(V vs. Ag/
AgCl)

EOER (V)/
J=4 mAcm-2 

(V vs. Ag/AgCl)

Limited current 
density 

(mAcm-2)

EDTA 0.7834 - 2.266

EDTA with P 0.7122 0.9661 4.409

EDTA-Co 0.6784 0.8725 7.215

EDTA-Co with P 0.5982 0.8533 7.306

Pt/C 0.7902 0.9787 4.498

Figure 7. Relative current density of EDTA-Co with P and Pt/C cat-

alyst for 20000 s at -0.6 V.
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effect of coupling between P, Co and EDTA. The six ligand

sites of EDTA bind to the transition metal with coordinate

bonding and form an octahedral structure. In addition, the P

particle is located between Co and EDTA bond, triggering

atomic and spin charge density changes that result in charge

redistribution on the catalyst’s surface. This process changes

the chemical adsorption energy of O2, and therefore affects the

material much more so than simple Co and P doping. P-doped

EDTA and Co structures were verified by FE-SEM and FE-

TEM and further confirmed by XRD analysis. The location of

EDTA-Co with P of electrochemical properties was measured

by chronoamperometry and potentiostat methods. CV and

LSV curves confirmed that P and Co samples had a synergistic

effect on the electrochemical.
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