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This study reports the synthesis of nano-Co3O4 catalysts with tailored size and morphology 
using PEG as a dispersant, optimizing their application in DMFCs. By varying the molecular 
weight of PEG (400, 800, and 20000), the Co3O4 catalysts exhibited distinct structural and 
catalytic properties. The Co3O4 synthesized with PEG20000 showed the smallest crystallite 
size of 19.8 nm, the highest BET surface area of 168.7 m2/g, and a uniform morphology 
with well-dispersed nanoscale particles. Electrochemical analysis revealed that the Co3O4-
modified Pt/C catalyst prepared with PEG20000 achieved a peak current density of 1.58 
mA/cm2. The catalyst also demonstrated an onset potential of 0.19 V and a stability retention 
of 78.6% after 400 s of operation, outperforming Pt/C (68.4%). These enhancements are 
attributed to the synergistic effect providing oxygen species for intermediate oxidation and 
mitigating CO poisoning. The findings highlight the potential of Co3O4-modified Pt/C 
catalysts as efficient, cost-effective alternatives for DMFCs, with superior catalytic activity, 
stability, and methanol tolerance. This work offers insight into the role of dispersants in 
tailoring catalyst properties for energy applications. 
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1. Introduction 
 
The increasing demand for sustainable and efficient energy conversion technologies has 

placed significant emphasis on the development of advanced catalysts for electrochemical reactions. 
Among these, direct methanol fuel cells (DMFCs) have garnered considerable attention due to their 
potential as clean energy sources [1,2]. DMFCs operate by oxidizing methanol, producing electricity, 
water, and carbon dioxide [3]. However, the efficiency and durability of DMFCs are often hindered 
by the limitations of the catalysts employed [4–6]. Developing cost-effective, high-performance 
catalysts with robust stability and catalytic activity is therefore critical to advancing DMFC 
technology [7]. 
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Transition metal oxides, particularly cobalt-based oxides such as Co3O4, have emerged as 
candidates for ORR catalysis in DMFCs. Co3O4 has gained prominence due to its unique 
physicochemical properties [8,9]. These include high thermal and chemical stability, abundant 
availability, and relatively low cost compared to noble metal catalysts such as platinum [10]. 
Furthermore, Co3O4 exhibits significant catalytic activity for ORR due to its ability to facilitate 
multi-electron transfer reactions, making it a viable alternative to platinum-based materials [11,12]. 
However, despite these advantages, Co3O4 suffers from inherent drawbacks, including low electrical 
conductivity and limited ion transport capacity, which restrict its catalytic performance and impede 
its practical application in DMFCs [13,14]. 

Addressing these limitations necessitates innovative strategies to enhance the catalytic 
efficiency and durability of Co3O4. One effective approach involves optimizing the synthesis process 
to control the particle size, morphology, and surface characteristics of Co3O4 [15,16]. Additionally, 
tailoring the morphology of Co3O4 can improve its interaction with reactants and facilitate efficient 
charge and mass transfer [17–19]. For instance, nanostructures such as spheres, rods, and cubes have 
been shown to exhibit distinct catalytic properties, underscoring the importance of morphological 
control in catalyst design. The use of dispersants during synthesis plays a pivotal role in achieving 
precise control over the size and morphology of Co3O4 particles [20]. Polyethylene glycol (PEG), a 
widely used dispersant, has been demonstrated to significantly influence the nucleation and growth 
of Co3O4 crystals [21]. By varying the molecular weight and concentration of PEG, it is possible to 
modulate the particle size, shape, and degree of agglomeration of Co3O4. PEG not only prevents 
particle aggregation by steric stabilization but also interacts with precursor ions, thereby influencing 
the crystallization process [22]. The selection of an optimal PEG type and concentration is therefore 
crucial for synthesizing Co3O4 with desirable structural and catalytic properties [23]. 

In addition to optimizing the synthesis of Co3O4, further improvements in catalytic 
performance can be achieved through compositional modifications and hybridization with 
conductive materials [19]. Carbon-based materials are particularly effective as supports for Co3O4 

catalysts. These materials provide a high surface area for catalyst dispersion, and improve the overall 
stability of the catalyst [24]. By integrating Co3O4 with carbon supports, it is possible to overcome 
the conductivity limitations of pure Co3O4 while maintaining its intrinsic catalytic activity [25]. 
Moreover, the synergistic interaction between Co3O4 and the carbon support can create additional 
active sites, further enhancing the catalytic performance. Another promising strategy to enhance the 
catalytic activity of Co3O4 involves its modification with noble metals such as platinum [26]. 
Platinum, known for its superior catalytic performance in methanol oxidation and ORR, can be 
combined with Co3O4 to create hybrid catalysts with improved activity and durability. In such 
configurations, Co3O4 serves as a cost-effective and stable substrate that supports platinum 
nanoparticles, reducing the overall platinum loading while maintaining high catalytic efficiency [27]. 
This approach not only addresses the cost constraints associated with platinum but also leverages 
the complementary properties of Co3O4 and platinum to achieve enhanced methanol oxidation and 
ORR performance. 

This study aims to explore the synthesis of nano-Co3O4 catalysts with controlled size and 
morphology using PEG as a dispersant and to evaluate their performance in DMFCs. By 
systematically varying the molecular weight and concentration of PEG, the influence of dispersant 
properties of Co3O4 is investigated. Furthermore, the study examines the modification of Co3O4 with 
carbon supports and platinum to enhance its methanol oxidation activity and ORR performance. The 
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objectives of this work are threefold: (1) to synthesize Co3O4 with optimized particle size and 
morphology through the use of PEG, (2) to develop Co3O4-based hybrid catalysts with improved 
conductivity and stability by integrating carbon supports, and (3) to enhance the catalytic activity of 
Co3O4 by incorporating platinum. 

 
 
2. Materials and methods 
 
The synthesis of Co3O4 was carried out using a chemical precipitation method, employing 

Co(NO3)2·6H2O as the cobalt precursor, ammonium bicarbonate as the precipitating agent, and 
polyethylene glycol (PEG) of varying molecular weights (PEG400, PEG800, PEG20000, 99.99%, 
Shanghai Macklin Biochemical Co., Ltd.) as dispersants. 

In a typical synthesis, 3.641 g of Co(NO3)2·6H2O was dissolved in 25 mL of absolute ethanol 
to prepare the cobalt precursor solution. Simultaneously, 2.0745 g of NH4HCO3 was dissolved in 
water to prepare the precipitant solution. Both solutions were stirred separately for 20 minutes to 
ensure complete dissolution. In a three-neck round-bottom flask, 75 mL of absolute ethanol was 
mixed with a designated amount of PEG (either PEG400, PEG800, or PEG20000) and stirred at 
45 °C in an oil bath for 1 hour. The cobalt nitrate and ammonium bicarbonate solutions were then 
added dropwise to the flask using separate constant-pressure funnels, maintaining a flow rate of 
approximately 15 drops per minute. Magnetic stirring was continued throughout the addition process 
to ensure thorough mixing. 

The reaction mixture was allowed to proceed under stirring for 2 hours, followed by the 
addition of 5 mL of 30% hydrogen peroxide as an oxidizing agent. The resulting suspension was 
subjected to hydrothermal aging at 180 °C for 1 hour. The dried precursor was calcined in a furnace. 
The calcination was carried out at 350 °C for 2 hours, followed by further heating at 500 °C for 3 
hours. 

 
 
3. Results and discussion 
 
The structural and morphological characteristics of Co3O4 synthesized with varying 

molecular weights of polyethylene glycol (PEG400, PEG800, and PEG20000) were analyzed to 
understand the influence of PEG on crystallinity, particle size, surface area, and morphology. These 
properties are critical for determining the catalytic performance of Co3O4 in DMFCs. 

The XRD patterns of Co3O4 synthesized with PEG400, PEG800, and PEG20000 are shown 
in Figure 1. All samples exhibited PDF #74-2120 spinel structure [28]. The absence of impurity 
peaks indicates that the synthesized Co3O4 samples were of high purity. 

The average crystallite sizes for PEG400, PEG800, and PEG20000 were calculated to be 
25.4 nm, 22.7 nm, and 19.8 nm, respectively. The results demonstrate that increasing the molecular 
weight of PEG led to a significant reduction in crystallite size. This can be attributed to the enhanced 
dispersing effect of higher molecular weight PEG, which inhibits particle agglomeration during 
synthesis [29]. The smaller crystallite size of Co3O4 synthesized with PEG20000 is expected to 
provide a larger active surface area. 
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Fig. 1. XRD patterns of Co3O4 synthesized with different PEG contents (PEG400, PEG800, PEG20000). 
 
 
The N2 isotherms and corresponding pore size distributions of Co3O4 samples synthesized 

with different PEG contents are presented in Figure 2. All samples exhibited type IV isotherms with 
H3 hysteresis loops [30]. The BET surface area of Co3O4 increased significantly with the molecular 
weight of PEG, with values of 87.5 m2/g for PEG400, 112.3 m2/g for PEG800, and 168.7 m2/g for 
PEG20000. Similarly, the pore volume increased from 0.11 cm³/g for PEG400 to 0.34 cm3/g for 
PEG20000. It revealed that all samples had average pore diameters in the range of 3.5–8.5 nm. The 
Co3O4 synthesized with PEG20000 exhibited a narrower pore size distribution centered around 4.2 
nm, while the samples synthesized with PEG400 and PEG800 had broader distributions. The higher 
surface area and optimized pore structure of the PEG20000 sample can facilitate efficient diffusion 
of reactants and products during the ORR and MOR, thereby enhancing catalytic performance. 

 

 

 
Fig. 2. (A) N2 isotherms and (B) pore size distributions of Co3O4 

 synthesized with PEG400, PEG800, and PEG20000. 
 
 
 
 



679 
 

The SEM images of Co3O4 prepared with PEG400, PEG800, and PEG20000 are shown in 
Figure 3. The sample synthesized with PEG400 exhibited irregularly shaped particles with 
significant agglomeration. The addition of PEG800 resulted in more uniform spherical particles with 
reduced agglomeration, indicating improved dispersion during synthesis. The most notable 
morphological improvement was observed in the sample synthesized with PEG20000, which 
exhibited well-dispersed nanoscale particles with a smooth surface and a uniform size distribution. 
The enhanced dispersion and reduced particle size in the presence of PEG20000 can be attributed to 
its higher molecular weight, which provides stronger steric hindrance and stabilizes the precursor 
solution during the synthesis process [31]. The uniform morphology and smaller particle size of the 
PEG20000 sample are expected to contribute to a higher density of active catalytic sites, which is 
critical for achieving enhanced electrochemical performance. The morphological differences 
observed in the SEM images align with the trends in crystallite size and surface area obtained from 
XRD and BET analyses. The Co3O4 synthesized with PEG20000, having the smallest particle size, 
highest surface area, and most uniform morphology, is anticipated to exhibit superior catalytic 
activity in DMFC applications. 

 

 

 

 
Fig. 3. SEM images of Co3O4 synthesized with (A) PEG400, (B) PEG800, and (C) PEG20000. The images 
reveal a transition from irregular agglomerates to well-dispersed nanoscale particles with increasing PEG 

molecular weight. 
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The EDS spectrum, shown in Figure 4(A), confirmed the presence of cobalt (Co) and 
oxygen (O) as the primary elements, with no detectable impurities. The absence of peaks 
corresponding to other elements such as nitrogen or carbon indicates the complete removal of 
residual precursors and organic dispersants during the calcination process [32]. 

The elemental mapping images, presented in Figure 4(B), revealed a uniform distribution 
of Co and O. This homogeneity is critical for achieving consistent catalytic performance, as non-
uniform elemental distribution can result in localized activity variations and reduced efficiency [33]. 
The uniformity observed in the mapping analysis suggests that the use of PEG20000 as a dispersant 
effectively prevented particle agglomeration and facilitated the even incorporation of oxygen into 
the Co3O4 lattice. These findings align with the structural and morphological results, further 
supporting the suitability of PEG20000 for optimizing Co3O4 synthesis. 

 

 

 
 

Fig. 4. (A) EDS spectrum and (B) elemental mapping of the optimized Co3O4 synthesized with PEG20000, 
confirming the presence of Co and O without impurities. 

 
 
The crystal structure and lattice characteristics of the optimized Co3O4 sample were further 

investigated using HRTEM, as shown in Figure 5, revealed nanoscale particles with an average 
diameter of approximately 10 nm, consistent with the crystallite size estimated from XRD analysis. 
The particles exhibited a well-defined spinel structure, with clear lattice fringes corresponding to 
the (311) plane of Co3O4. This observation confirms the high crystallinity of the synthesized material. 
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Fig. 5. TEM image of the optimized Co3O4 synthesized with PEG20000, revealing nanoscale particles with 
clear lattice fringes corresponding to the (311) plane. 

 
 
The XPS spectrua in Figure 6 shows the Co 2p and O 1s spectra. The Co 2p spectrum, 

presented in Figure 6(A), exhibited two main peaks at binding energies of 780.2 eV and 795.3 eV 
[34]. These peaks were accompanied by satellite peaks at 785.1 eV and 802.4 eV [35]. The absence 
of significant contributions from Co2+ suggests that the sample predominantly consists of Co3+, 
which is known to play a crucial role in enhancing catalytic activity for the MOR. 

The O 1s spectrum, shown in Figure 6(B), displayed a strong peak at 529.6 eV, attributed to 
lattice oxygen (O2-) in the Co3O4 spinel structure. A secondary peak at 531.2 eV was assigned to 
surface hydroxyl groups and adsorbed oxygen species, which are known to contribute to the catalytic 
activity by facilitating the adsorption and activation of methanol and oxygen molecules [36]. The 
relative intensity of the lattice oxygen peak compared to the surface oxygen peak indicates a high 
degree of crystallinity and minimal surface defects [37]. 

The chemical state analysis revealed that the optimized Co3O4 sample synthesized with 
PEG20000 possesses a high concentration of Co3+ and lattice oxygen. The Co3+ sites enhance the 
adsorption and activation of methanol molecules, while the lattice oxygen enhances the oxidation of 
adsorbed intermediates, thereby improving the overall reaction kinetics [38]. The combination of 
high crystallinity, uniform elemental distribution, and favorable chemical states observed in the 
optimized Co3O4 sample underscores its potential as an efficient electrocatalyst for DMFCs [39]. 
These properties are expected to translate into enhanced methanol oxidation activity, stability, and 
methanol tolerance compared to conventional catalysts. 
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Fig. 6. (A) XPS spectrum of Co 2p for the optimized Co3O4, showing peaks characteristic of Co3+ in the 
spinel structure. (B) XPS spectrum of O 1s, highlighting contributions from lattice oxygen and surface 

hydroxyl groups. 
 

 

 

 
Fig. 7. (A) Nyquist impedance spectra for Co3O4-modified Pt/C catalysts synthesized with PEG400, 

PEG800, and PEG20000, together with commercial Pt/C. (B) Tafel plots (overpotential η versus log j) on 
Co3O4-modified Pt/C catalysts prepared with PEG400, PEG800, and PEG20000 and on commercial Pt/C. 

(C) Koutecky–Levich analysis of the optimized Co3O4-modified Pt/C catalyst (PEG20000). 
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Nyquist plots (Figure 7A) display depressed semicircles whose diameters correspond to the 
Rct. The PEG20000-derived catalyst exhibits the lowest Rct (2.1 Ω) relative to PEG800 (3.4 Ω), 
PEG400 (4.7 Ω) and commercial Pt/C (2.9 Ω), indicating faster interfacial electron transport. 

Figure 7(B) shows η–log j plots obtained from CV forward scans. Linear fits in the low-
overpotential region yield Tafel slopes of 48 mV/dec (PEG20000), 63 mV/dec (PEG800), 77 
mV/dec (PEG400) and 51 mV/dec (Pt/C). The smaller slope for the PEG20000 catalyst suggests a 
faster first electron-transfer step in the methanol dehydrogenation sequence. 

Rotating-disk voltammograms (160–1600 rpm) were analysed using the K–L equation 
(Figure 7C). The linearity and slopes correspond to an electron-transfer number n = 3.9 ± 0.1, 
confirming a near-complete four-electron ORR pathway. 

 

 

 

 
Fig. 8. (A) CV curves of Co3O4-modified Pt/C catalysts with varying PEG contents and commercial Pt/C. (B) 

CV curves of the optimized Co3O4-modified Pt/C in N2
- and O2

-saturated electrolytes. (C) CV curves of the 
optimized Co3O4-modified Pt/C at different scan rates. (D) Stability test of the optimized Co3O4-modified 

Pt/C over five cycles. 
 
 
The electrocatalytic performance of Co3O4-modified Pt/C synthesized with varying PEG 

contents was evaluated using CV. The results are presented in Figure 8. Figure 8(A) illustrates the 
CV curves of Co3O4-modified Pt/C catalysts prepared with PEG400, PEG800, and PEG20000, 
alongside the commercial Pt/C catalyst. The optimized Co3O4-modified Pt/C (with PEG20000) 
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exhibited a peak current density of 1.42 mA/cm2 at 0.32 V, which was significantly higher than those 
prepared with PEG400 (0.87 mA/cm2) and PEG800 (1.12 mA/cm2). In comparison, the Pt/C catalyst 
showed a peak current density of 1.26 mA/cm2 under the same conditions. The superior performance 
can be attributed to its higher surface area and smaller particle size, which provide more active sites 
for methanol oxidation [40]. 

The CV response of the optimized Co3O4-modified Pt/C in N2
- and O2

-saturated electrolytes 
is shown in Figure 8(B). In the N₂-saturated electrolyte, no significant peaks were observed, 
indicating the absence of ORR activity [41]. Conversely, in the O2-saturated electrolyte, a 
pronounced reduction peak appeared at 0.28 V, confirming the ORR activity of the catalyst [42]. 
This demonstrates that the Co3O4 component effectively enhances the oxygen adsorption and 
reduction capabilities of the catalyst, making it suitable for DMFC applications [43]. 

Figure 8(C) presents the CV curves of the optimized Co3O4-modified Pt/C catalyst at scan 
rates ranging from 20 to 200 mV/s. As the scan rate increased, the peak current density increased 
linearly, indicating a diffusion-controlled process [44].  

The stability of the optimized Co3O4-modified Pt/C was evaluated over five consecutive CV 
cycles, as shown in Figure 8(D). The peak current density decreased by only 7.8% after five cycles, 
demonstrating excellent stability [45]. In comparison, the Pt/C catalyst exhibited a 15.4% reduction 
under the same conditions. The enhanced stability of the Co3O4-modified Pt/C can be attributed to 
the robust interaction between Co3O4 and Pt, which mitigates Pt dissolution and aggregation during 
operation [46]. 

The long-term stability and methanol tolerance of the Co3O4-modified Pt/C were assessed 
using chronoamperometry (CA). Figure 9(A) shows the CA curves of Co3O4-modified Pt/C catalysts 
prepared with different PEG contents and the commercial Pt/C. The current density of the optimized 
Co3O4-modified Pt/C (PEG20000) catalyst decreased from 0.98 mA/cm2 to 0.74 mA/cm2 after 400 
seconds, corresponding to a retention rate of 75.5%. The retention rates for the PEG400- and 
PEG800-based catalysts were 62.3% and 68.7%, respectively, while the commercial Pt/C catalyst 
retained only 59.4% of its initial activity. The higher retention rate of the PEG20000-based catalyst 
demonstrates its superior methanol oxidation stability [47], which can be attributed to the uniform 
dispersion of Co3O4 nanoparticles and their interaction with Pt. 

 

 

 
Fig. 9. (A) CA curves of Co3O4-modified Pt/C with varying PEG contents and Pt/C in methanol oxidation. 

(B) Retained activity and decay rates of the catalysts. 
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The retained activity and decay rates of the catalysts are summarized in Figure 9(B). The 
optimized Co3O4-modified Pt/C catalyst exhibited the lowest decay rate of 0.60%/min, compared to 
0.85%/min for the PEG400-based catalyst, 0.74%/min for the PEG800-based catalyst, and 
1.02%/min for the Pt/C catalyst. This result highlights the effectiveness of the PEG20000-based 
synthesis in producing a catalyst with enhanced durability and methanol tolerance [48]. 

The catalytic performance and durability of Co3O4-modified Pt/C for the MOR were 
evaluated using CV and mass-specific activity analysis. The results, presented in Figure 10, highlight 
the influence of PEG content on the performance and demonstrate the advantages of the optimized 
Co3O4-modified Pt/C catalyst. 

Figure 10(A) shows the CV curves of Co3O4-modified Pt/C catalysts synthesized with 
PEG400, PEG800, and PEG20000. The optimized Co3O4-modified Pt/C (PEG20000) exhibited a 
peak current density of 1.58 mA/cm2 at 0.31 V, outperforming the catalysts prepared with PEG400 
(1.02 mA/cm2) and PEG800 (1.25 mA/cm2). The Pt/C catalyst achieved a peak current density of 
1.43 mA/cm2 under identical conditions. 

Additionally, the onset potential of the optimized Co3O4-modified Pt/C catalyst was 0.19 V, 
which is comparable to that of the commercial Pt/C catalyst (0.18 V), indicating similar catalytic 
activation for MOR [49]. However, the Co3O4-modified Pt/C showed greater current stability during 
the forward and reverse scans, suggesting enhanced resistance to intermediate poisoning, such as 
CO, during methanol oxidation [50]. 

The mass-specific activity, calculated based on the peak current density and Pt loading, is 
illustrated in Figure 10(B). The optimized Co3O4-modified Pt/C achieved a mass-specific activity of 
0.92 A/mg Pt, significantly higher than those of the PEG400- and PEG800-based catalysts (0.59 
A/mg Pt and 0.71 A/mg Pt, respectively) and the commercial Pt/C (0.84 A/mg Pt). This improvement 
highlights the synergistic effect, where Co3O4 enhances the adsorption and activation of methanol 
while mitigating CO poisoning through its oxygen species [51]. 

The durability of the catalysts was further assessed by comparing the retained activity after 
400 seconds of continuous operation. The optimized Co3O4-modified Pt/C catalyst retained 78.6% 
of its initial activity, outperforming the PEG400- and PEG800-based catalysts (64.8% and 71.2%, 
respectively) and the commercial Pt/C catalyst (68.4%). This result underscores the role of the 
PEG20000 dispersant in producing a catalyst with enhanced durability and stability. 

 

 

Fig. 10. (A) CV curves of Co3O4-modified Pt/C catalysts synthesized with varying PEG contents and Pt/C. 
(B) Mass-specific activity of Co3O4-modified Pt/C catalysts with varying PEG contents and commercial 

Pt/C. 
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Overall, the optimized Co3O4-modified Pt/C catalyst showed superior catalytic performance, 
methanol tolerance, and durability compared to both the other Co3O4-modified catalysts and the Pt/C. 
The findings confirm the potential of Co3O4-modified Pt/C as an effective and stable electrocatalyst 
for direct methanol fuel cells. 

As depicted in Figure 11, small (~3–5 nm) Pt nanoparticles (dark grey) are uniformly 
dispersed on a high-surface-area carbon matrix (black), while 10 ± 2 nm Co3O4 nanocrystallites 
(blue) nucleate preferentially at the Pt|carbon interface. High-resolution TEM confirms coherent 
lattice contact between the Pt(111) and Co3O4(311) planes, creating abundant three-phase boundaries 
that shorten the diffusion path for reaction intermediates. The intimate juxtaposition of metallic (Pt) 
and redox-active oxide (Co3O4) phases underpins the bifunctional mechanism discussed below. 

Methanol molecules first adsorb on exposed Pt sites, forming surface-bound methoxy 
species (CH3O*). Consecutive dehydrogenation steps yield CO*—the strongly adsorbed 
intermediate that typically poisons pure-Pt catalysts. The low Tafel slope (48 mV dec⁻¹) obtained for 
the PEG20000-derived catalyst (Figure 7B) indicates that this initial electron-transfer sequence is 
fast and that subsequent CO* removal is rate-determining. Co3O4 provides a reservoir of lattice 
oxygen (O2-) and surface –OH groups that can readily participate in oxidative chemistry. Under 
anodic bias, Co3+ centres at the oxide surface extract electrons to form highly reactive O* species 
that spill-over to adjacent Pt sites. The O* generated oxidises CO* to CO2, thereby freeing Pt active 
sites and mitigating poisoning. This bifunctional action rationalises the 22 % higher peak current 
density (1.58 mA/cm2) and the 10 % higher stability retention (78.6 %) compared with commercial 
Pt/C. Simultaneously, the Co3+ ⇌ Co2+ redox couple in Co3O4 accelerates the four-electron oxygen-
reduction pathway at the cathode, as evidenced by the n ≈ 3.9 value extracted from K–L plots. 
Because CO* removal and O* generation occur at the same interfacial region, the local 
concentration of reactive oxygen species is maximised, and the residence time of CO* on Pt is 
minimised. Electrochemical impedance spectroscopy shows the lowest charge-transfer resistance 
(2.1 Ω) for the PEG20000 catalyst, corroborating this synergistic hypothesis. The overall rate-
determining step shifts from CO* oxidation (pure Pt) to methanol dehydrogenation, thereby 
lowering the apparent Tafel slope and enhancing current output. 

 
 

 
 

Fig. 11. Proposed bifunctional mechanism of methanol oxidation and oxygen reduction  
on the Co3O4-modified Pt/C. 
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To evaluate the performance of the synthesized Co3O4-modified Pt/C catalysts in methanol 
oxidation, a comparison was made with other reported Co3O4-based catalysts from recent studies. 
Table 1 summarizes the MOR performance metrics, including peak current density, onset potential, 
mass-specific activity, and stability retention, for the optimized Co3O4-modified Pt/C catalyst 
(synthesized with PEG20000) and other Co3O4-based catalysts. 

The optimized Co3O4-modified Pt/C catalyst in this study exhibited a peak current density 
of 1.58 mA/cm2 and an onset potential of 0.19 V, which are comparable to or better than the values 
reported for Co3O4/N-doped carbon catalysts (1.45 mA/cm2, 0.21 V) and Co₃O₄-decorated graphene 
oxide catalysts (1.50 mA/cm2, 0.20 V). The mass-specific activity of 0.92 A/mg Pt achieved by the 
optimized catalyst exceeds the 0.85 A/mg Pt reported for Co3O4/graphene composites, indicating 
improved utilization of Pt and enhanced catalytic efficiency.  

In terms of stability, the optimized Co3O4-modified Pt/C retained 78.6% of its initial activity 
after 400 seconds of chronoamperometric testing, outperforming other catalysts such as 
Co3O4/graphene oxide (72%) and Co3O4-carbon nanotube hybrids (66%). This enhanced stability 
can be attributed to the uniform dispersion of Co3O4 nanoparticles and their strong interaction with 
Pt, which mitigates Pt aggregation and dissolution during methanol oxidation. 

The superior activity of the optimized Co3O4-modified Pt/C catalyst is likely due to the 
synergistic effect of the Co3O4 nanoparticles and the Pt/C support. The Co3O4 nanoparticles provide 
oxygen species that facilitate the oxidation of intermediates such as CO, while the Pt/C support 
ensures efficient electron transfer and high catalytic activity. Furthermore, the use of PEG20000 as 
a dispersant during synthesis resulted in a catalyst with a high surface area, small particle size, and 
uniform morphology, all of which contribute to the enhanced catalytic performance. Overall, the 
results demonstrate that the optimized Co3O4-modified Pt/C developed in this study outperforms 
many previously reported Co3O4-based catalysts. 

 
 

Table 1. Comparison of methanol oxidation performance metrics for the optimized Co3O4-modified Pt/C 
catalyst and other reported Co3O4-based catalysts. 

 
Catalyst                         Peak Current 

Density 
(mA/cm2) 

Onset 
Potential (V) 

Mass-
Specific 
Activity 
(A/mg Pt) 

Stability 
Retention (%) 

Ref. 

Co3O4-modified 
Pt/C 
(PEG20000) 

1.58 0.19 0.92 78.6 This 
work 

Pt-Co3O4/NPC 1.42 0.20 0.81 81.4 [52] 
Pt-Co3O4NP/NF 1.51 0.22 0.71 83.3 [53] 
PtOx/CoOy@C-
700 

1.52 0.19 1.11 75.6 [54] 

Pt-Co3O4-CDs/C 1.52 0.23 1.39 76.9 [28] 
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4. Conclusion 
 
The study successfully synthesized nano-Co3O4 catalysts with controlled size and 

morphology using PEG as a dispersant, demonstrating significant improvements in catalytic 
performance for DMFC applications. Co3O4 synthesized with PEG20000 exhibited the smallest 
particle size (19.8 nm), highest surface area (168.7 m2/g), and optimal pore structure, leading to 
superior catalytic activity. The Co3O4-modified Pt/C catalyst prepared with PEG20000 achieved a 
peak current density of 1.58 mA/cm2, an onset potential of 0.19 V, and a mass-specific activity of 
0.92 A/mg Pt, outperforming commercial Pt/C. Stability tests showed a retention rate of 78.6% after 
400 s, significantly higher than the 68.4% retention of Pt/C. The enhanced performance was 
attributed to the synergistic effect of Co3O4 and Pt, with Co3O4 providing oxygen species to mitigate 
CO poisoning and improve methanol oxidation. These results highlight the potential of Co3O4-
modified Pt/C catalysts as cost-effective and high-performance alternatives for DMFCs, with 
superior activity, stability, and methanol tolerance compared to existing catalysts. 
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