
Indonesian Journal of 
Fundamental and Applied Chemistry 

Article http://ijfac.unsri.ac.id 

 

DOI: 10.24845/ijfac.v10.i3.247  247   

 

The Influence of Hydrogen Flow Rate and Humidifier Temperature on 

Performance of a PEMFC with Ti-Co/C Catalyst 

Nurmalina Adhiyanti1, Dedi Rohendi2,3*, Muhammad Prima Utama2, Nirwan Syarif2,3, Addy Rachmat2,3, Dwi Hawa 

Yulianti1,3, Normah Normah1 

 
1 Chemistry Program, Faculty of Computer and Science, Universitas Indo Global Mandiri, Jl. Jendral Sudirman No.629 KM.4 

Palembang 30129 
2 Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Sriwijaya, Jl. Palembang-Prabumulih 

KM-35 Indralaya, Ogan Ilir, Indonesia, 30662 
3 Center of Research Excellence in Fuel Cell and Hydrogen, Universitas Sriwijaya, Jl. Srijaya Negara Bukit Besar, 

Palembang, Indonesia, 30139 
  
*Corresponding Author: rohendi19@unsri.ac.id      

Abstract  Article Info 

This study explores the effect of hydrogen flow rate and humidifier 

temperature on the performance of the Membrane Electrode Assembly (MEA) 

using Ti-Co/C catalyst at the cathode and Pt/C at the anode in a single-cell 

Proton Exchange Membrane Fuel Cell (PEMFC). MEAs were fabricated by 

the spraying method and characterized using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) to determine their 

electrochemical surface area (ECSA) and conductivity. The results showed 

that the optimized ECSA value reached 8.38 cm2/g, and the electrical 

conductivity was 3.76 × 10-8 S/cm. The best performance was achieved at a 

hydrogen flow rate of 100 mL/min and room temperature humidification. 

Under the hydrogen flow rate test, the maximum power density reached 0.364 

mW/cm2, while in the humidifier temperature variation, a maximum power 

density of 0.375 mW/cm2 was obtained at a current density 2.8 mA/cm2. These 

findings suggest that Ti-Co/C is a promising low-cost catalyst alternative to Pt 

and that operational conditions play a critical role in MEA performance. 

Keywords: Ti-Co/C catalyst, MEA, PEMFC, hydrogen flow rate, humidifier 

temperature 
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Abstrak (Indonesian) 

Penelitian ini bertujuan untuk mengevaluasi pengaruh laju alir gas hidrogen dan suhu humidifier terhadap 

kinerja Membrane Electrode Assembly (MEA) pada Proton Exchange Membrane Fuel Cell (PEMFC) sel 

tunggal. MEA disusun menggunakan elektroda katoda berbasis katalis Ti-Co/C dan anoda berbasis Pt/C, yang 

dibuat melalui metode penyemprotan. Karakterisasi dilakukan dengan menggunakan metode cyclic 

voltammetry (CV) untuk menentukan luas permukaan aktif elektrokimia (ECSA) dan electrochemical 

impedance spectroscopy (EIS) untuk mengukur konduktivitas listrik. Hasil menunjukkan bahwa nilai ECSA 

optimum mencapai 8,38 cm²/g, sedangkan nilai konduktivitas listrik sebesar 3,76 × 10-8 S/cm. Kinerja optimum 

MEA diperoleh pada laju alir hidrogen 100 mL/menit dan suhu humidifier pada suhu ruang. Pada uji kinerja 

pada laju alir hidrogen, didapatkan densitas daya maksimum sebesar 0,364 mW/cm2, sementara itu uji kinerja 

pada suhu humidifier didapatkan densitas daya maksimum sebesar 0,735 mW/cm2 pada densitas arus 

maksimum 2,8 mA/cm². Temuan ini mengindikasikan bahwa katalis Ti-Co/C berpotensi menjadi alternatif 

katalis rendah biaya pengganti Pt, serta menunjukkan bahwa kondisi operasi memiliki pengaruh signifikan 

terhadap performa MEA.  

Kata Kunci:  Katalis Ti-CO/C, MEA, PEMFC, laju alir hidrogen, suhu humidifier  
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INTRODUCTION 

The global push for clean, sustainable energy 

technologies has elevated the importance of Proton 

Exchange Membrane Fuel Cells (PEMFCs) due to 

their excellent energy conversion efficiency, moderate 

operating temperature, and minimal environmental 

emissions. The single-stack PEMFC is composed of 

various components, including bipolar plates, gas 

diffusion layers (GDLs), catalyst layers, membranes, 

sealing gaskets, and other supporting elements [1]. A 

core part of PEMFC systems contributing directly to 

electrical power generation is the Membrane Electrode 

Assembly (MEA). The MEA is fabricated by 

combining electrodes composed of several layers, 

including carbon paper, a catalyst layer, and a polymer 

membrane. It serves as the site of electrochemical 

reactions and represents the core element that 

determines the performance level of the integrated 

PEMFC system [2], where the electrochemical 

reactions and thus overall efficiency occur. In 

particular, Ti-Co/C catalysts have shown promising 

electrochemical characteristics, including respectable 

electrochemical surface area (ECSA) and conductivity. 

A study by Adhiyanti et al. [3] reported an ECSA of 

28.72 cm2/g (carbon dots support), 2.34 cm2/g (carbon 

Vulcan support), and a conductivity of 0.1688 × 10-

3 S/cm for a Ti-Co/C (carbon dots support) catalyst 

layer. It is evidence of its suitability for PEMFC 

applications. 

In addition to platinum (Pt), various other metals 

have been explored as potential catalysts for use in 

PEMFCs. Among them, titanium (Ti) offers several 

advantages over other metals, including superior 

corrosion resistance, high thermal stability, chemical 

inertness, and a relatively low atomic mass [4]. 

Moreover, when used as a catalyst material, titanium 

exhibits high stability in acidic media and 

demonstrates strong interactions with metal 

nanoparticles. These properties make titanium suitable 

for forming alloys with other metals such as 

aluminium, nickel, vanadium, and iron, and contribute 

to its stability and suitability for use in PEMFC 

applications [5]. The combination of platinum and 

cobalt catalysts has also been investigated in PEMFCs, 

demonstrating reversible catalytic activity. In this 

context, cobalt can be utilised either as a catalyst 

support [6]. Titanium enhances the dispersion of cobalt 

nanoparticles, improves corrosion resistance, and 

facilitates electron transport through strong metal–

support interactions. Meanwhile, cobalt provides the 

main active sites for the oxygen reduction reaction 

(ORR) through reversible Co²⁺/Co³⁺ redox transitions. 

The Ti–Co interface creates synergistic electronic 

interactions and oxygen vacancies that promote ORR 

kinetics and improve catalyst durability [7,8]. 

The key of operational parameters influencing 

MEA performance include catalyst composition, 

reactant gas flow rates, and humidification levels. 

Hydrogen flow rate and humidifier temperature play 

critical roles by ensuring adequate fuel distribution and 

membrane hydration while avoiding issues such as fuel 

crossover, membrane dehydration, and flooding. 

Optimising hydrogen flow is essential. Insufficient 

flow leads to fuel starvation and reduced current 

density, whereas excessive flow may result in 

hydrogen crossover, where unreacted fuel passes 

through the membrane without dissociation, leading to 

heat generation and diminished cell efficiency [9]. Seo 

(2025) provides recent empirical evidence that the 

hydrogen flow rate plays a critical role in PEMFC 

operation. Insufficient hydrogen flow can cause fuel 

depletion and crossover effects, whereas excessive 

flow may lead to flooding and hinder mass transport 

within the cell [10, 11]. The hydrogen supply must also 

be carefully regulated to avoid excessive delivery, 

which can reduce the membrane’s optimal 

performance. An oversupply of hydrogen may pass 

through the membrane without undergoing 

dissociation into protons and electrons, leading to heat 

build-up within the PEMFC stack [12]. Meanwhile, 

humidifier temperature must maintain the membrane at 

an optimum hydration level. Inadequate humidity 

increases internal resistance, while over-

humidification causes flooding that restricts gas 

transport [13]. 

 
MATERIALS AND METHODS 

Materials 

The Ti-Co/C catalyst used in this study was 

previously synthesized [3], Carbon Vulcan XC-72R 

(Fuel Cell Store), Nafion NR 212 solution (Fuel Cell 

Store), ammonium carbonate (Merck), 2-propanol 

(Sigma-Aldrich), PTFE emulsion DISP 30LX (Fuel 

Cell Store), and a backing layer in the form of carbon 

paper. 

Preparation of cathode electrode using Ti-Co/C 

catalyst 

A 0.03 g of Ti-Co/C catalyst, corresponding to a 

0.5 mg/cm2 loading, was dispersed in 1.37 mL of 

isopropanol and mixed with 0.028 g of Nafion solution. 

The mixture was homogenized using an ultrasonic 

homogenizer for 10 minutes. Subsequently, 0.01 g of 

PTFE was added, and the mixture was further 

homogenized for 5 minutes until a uniform Ti-Co/C 
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catalyst ink was formed. The resulting ink was loaded 

into a spray gun and uniformly sprayed onto a 5 × 5 cm 

gas diffusion layer (GDL) in alternating horizontal and 

vertical directions until the ink was used entirely. The 

fabricated electrode was dried in a furnace at 350 °C 

for 3 hours, resulting in a Ti-Co/C catalyst layer firmly 

attached to the GDL. 

Preparation anode electrode using Pt/C catalyst 

An amount of 0.11 g Pt/C catalyst,           

corresponding to a loading of 0.5 mg/cm², was 

moistened with deionized water and subsequently 

dispersed in 4.4 mL of isopropanol. Subsequently, 

0.093 g of Nafion solution was added, and the mixture 

was homogenized using an ultrasonic homogenizer for 

10 minutes. Afterwards, 0.03 g of PTFE was added, 

and the mixture was further stirred for 5 minutes until 

a homogeneous Pt/C catalyst ink was obtained. The 

catalyst ink was then loaded into a spray gun and 

uniformly sprayed onto a 5 × 5 cm2 gas diffusion layer 

(GDL) in alternating horizontal and vertical directions 

until the ink was entirely consumed. The electrode was 

dried in a furnace (350 °C, 3 h), resulting in a Pt/C 

catalyst layer firmly adhered to the GDL. 

MEA fabrication 

The Membrane Electrode Assembly (MEA) was 

fabricated using two electrodes (an anode and a 

cathode) and a Nafion-212 electrolyte membrane, each 

with dimensions of 5 × 5 cm2. The MEA was prepared 

by pressing the two electrodes onto both sides of the 

Nafion-212 membrane using a hot press. Before 

assembly, the electrodes were aligned and attached to 

each membrane side, then covered with aluminium foil 

to ensure uniform pressure distribution. The hot-

pressing process was carried out at a temperature of 

135 °C and a pressure of 2,000 psi for 3 minutes to 

ensure proper adhesion between the catalyst layers and 

the membrane. 

Analysis Data 

Electrode characterization 

Cyclic voltammetry (CV) is one of the most 

commonly used methods to observe the results of 

redox reactions in electroactive materials. The 

response in the CV related to the scan rate is recorded 

through the cathodic and anodic currents on the 

voltammogram curve [14]. 

CV and Electrochemical Impedance Spectroscopy 

(EIS) measurements aim to characterize the 

electrochemical properties of electrodes. CV and EIS 

measurements were conducted using an Autolab 

PGSTAT 302N, and the data were analysed using 

NOVA software (version 1.8.14). The CV testing 

represents a half-cell reaction conducted using a 1 M 

NaOH electrolyte solution, an Ag/AgCl reference 

electrode, a Pt counter electrode, and Ti-Co/C 

electrode. All measurements were performed at a 

constant scan rate of 20-40 mV/s. 

The presence of peaks in CV measurements is 

associated with chemisorption on the catalyst surface 

and the processes of mass transport  [15]. The electrode 

conductivity is determined using the Equation (1) 

   σ = 
1

Zr
 x 

1

A
 (1) 

σ represents conductivity (S/cm), Zr is the total 

electrical resistance (Rp + Rs) in ohms (Ω), l is the 

pallet thickness (cm), and A is the electrode contact 

surface area (cm2) [15–17]. 

The electrochemical surface area (ECSA), used to 

assess the catalytic activity of the Ti-Co/C catalyst, was 

calculated according to Equation (2):            

ECSA= 
QH

(Qref x Cloading)
                           (2) 

In this equation, 𝑄𝐻 denotes the charge derived from 

the integrated area of the hydrogen desorption peak 

(mC/cm²), 𝑄𝑟𝑒f is the standard reference charge 

density, and the applied catalyst loading is 0.5 mg/cm2. 

MEA testing on PEMFC single-stack 

The performance of the MEA in the PEMFC was 

evaluated under varying humidifier temperatures, 

room temperature, 40 °C, 60 °C, and 80 °C while 

maintaining a constant hydrogen flow rate of 

200 mL/min [18]. The optimal humidifier temperature 

was identified from this test using a single-stack 

PEMFC connected to the WonATech Smart 2 Fuel 

Cell Test Station. 

Performance of MEA with various humidifier 

temperature 

The performance of MEA PEMFC was 

investigated under varying humidifier temperatures, 

they were at room temperature, 40 °C, 60 °C, and 80 

°C. The hydrogen flow rate was maintained throughout 

the experiments at a constant 200 mL/min. MEA 

performance was evaluated through polarization 

measurements, specifically by analysing the current 

density–voltage (I–V) and power density–current 

density (I–P) curves.  

These polarization curves were used to determine 

the optimal humidifier temperature for PEMFC 

operation. Improved performance was indicated by a 

reduction in the slope of the polarization curve, 

reflecting a more gradual decline in voltage with 

increasing current density. 
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Performance of MEA with hydrogen flow rate 

analysis 

The effect of hydrogen flow rate on the 

performance of MEA in a PEMFC was examined by 

varying the flow rate at 100 mL/min, 200 mL/min, 

300 mL/min, and 400 mL/min. These tests were 

conducted under the previously identified optimal 

humidifier temperature. MEA performance at each 

flow rate was evaluated using polarization data, 

specifically through current density–voltage (I–V) and 

power density–current density (I–P) curves. The 

polarization curves also determined the most effective 

hydrogen flow rate, as indicated by a reduced slope or 

a flatter curve, which signifies enhanced fuel cell 

performance 

RESULTS AND DISCUSSION 

MEA Characterization using cyclic voltammetry 

(CV) 

MEA measurements using Ti-Co/C and Pt/C 

catalysts in a single-stack PEMFC were conducted at a 

scan rate of 25 mV/s. At low scan rates, the process 

proceeds more slowly. However, it allows for better-

defined voltammogram curves and improved 

capacitance. In contrast, higher scan rates result in 

faster voltammogram formation, but the quality of the 

voltammogram curves and the capacitance tends to be 

lower, shown in Figure 1. 

 
Figure 1. Voltammogram Curve of MEA 

Figure 1 presents the voltammogram curve 

obtained from the CV characterization of the MEA 

using a Pt/C catalyst at the anode and a Ti-Co/C 

catalyst at the cathode. The curve shows an anodic 

peak at -0.877 V, corresponding to an electron release 

reaction, and a cathodic peak at -0.286 V, which 

represents an electron uptake reaction [19]. From the 

peak current values, the electrochemically active 

surface area (ECSA) of the Pt/C and Ti-Co/C-based 

MEA was calculated to be 8.38 cm2/g. The observed 

anodic/cathodic features in the CV are consistent with 

redox transitions commonly reported for cobalt 

oxyhydroxide species in alkaline media (Co(OH)2 ↔ 

CoOOH, Co2+/Co3+), while minor higher-potential 

features may reflect further oxidation to higher Co 

oxidation states. Titanium species in the composite are 

expected to act as structural or electronic modifiers 

rather than participating in the same redox chemistry 

within the studied potential window. Ti-oxide induced 

electronic modulation of Co active sites has been 

reported to shift redox potentials and enhance stability 

[20, 21]. 

MEA characterization using electrochemical 

impedance spectroscopy (EIS) 

EIS is a widely used technique for analysing the 

kinetics and mechanisms of electrochemical systems 

by applying a small AC signal over a range of 

frequencies [17]. The data are typically analysed using 

the Nyquist plot, which displays one or more 

semicircular regions, reflecting the electrochemical 

activities occurring at the anode and cathode. In this 

study, the resulting curves were fitted to a 

mathematical model represented by an equivalent 

electrical circuit to determine the impedance values 

and conductivity of the MEA [3].  

The fitting process yielded the values of Rp 

(Resistance polarization) and Rs (Resistance solution) 

to calculate the conductivity, in this analysis using 

NOVA software revealed the value of Rp and Rs at -

8023 Ω and 80240 Ω appeared on Figure 2. The 

conductivity of the MEA was found to be 3.76 × 10-8 

S/cm. The characterization was performed on the 

MEA, which contains an electrolyte membrane 

(Nafion). This membrane is an ionic conductor but 

electrically non-conductive, so its presence 

significantly lowers the overall measured electrical 

conductivity of the MEA [22]. A low impedance value 

indicates high electrical conductivity, whereas a high 

impedance value reflects low conductivity [23]. Based 

on the calculated conductivity value, the tested MEA 

demonstrates a reasonable ability to conduct 

electricity. This is because conductivity values within 

the range of 10-8 to 102 S/cm fall under the category of 

semiconductors or materials capable of conducting 

electricity [24]. 

The fitting process yielded the values of Rp 

(Resistance polarization) and Rs (Resistance solution) 

to calculate the conductivity, in this analysis using 

NOVA software revealed the value of Rp and Rs at -

8023 Ω and 80240 Ω appeared on Figure 2. The 

conductivity of the MEA was found to be 3.76 × 10-8 

S/cm. The characterization was performed on the 
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MEA, which contains an electrolyte membrane 

(Nafion). This membrane is an ionic conductor but 

electrically non-conductive, so its presence 

significantly lowers the overall measured electrical 

conductivity of the MEA [22]. A low impedance value 

indicates high electrical conductivity, whereas a high 

impedance value reflects low conductivity [23]. Based 

on the calculated conductivity value, the tested MEA 

demonstrates a reasonable ability to conduct 

electricity. This is because conductivity values within 

the range of 10-8 to 102 S/cm fall under the category of 

semiconductors or materials capable of conducting 

electricity [24]. 

 

 
Figure 2. Nyquist of MEA 

 

      
Figure 3. Performance of MEA on Humidifier Temperature (a) I-V (b) I-P 

 

Influence of humidifier temperature on MEA 

performance 

The optimal humidifier temperature has a 

significant impact on the performance of PEMFC. As 

a humidification method, it aims to keep the membrane 

adequately moist without excessive hydration, which 

can lead to membrane swelling. Controlling the 

humidifier temperature is also essential to determine 

the temperature at which the membrane reaches the 

ideal moisture level for optimal hydration [25]. 

The effect of humidifier temperature on MEA 

performance was evaluated by varying the temperature 

to room temperature (20 °C, 40 °C, 60 °C, and 80 °C), 

while maintaining a constant hydrogen gas flow rate of 

200 mL/min. The performance test results of the MEA 

under different humidifier temperatures are presented 

in Figure 3. 

The conclusion of Figure 3 (b) that the 

performance of MEA using the Ti-Co/C catalyst 

exhibited optimal hydration at room temperature, the 

maximum power density at 0.375 mW/cm2 with a 
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current density of 2.8 mA/cm2 (Figure 3 (a)). As it 

maintains voltage stability as the current load 

increases, compared with other humidifier temperature 

variations. At elevated humidifier temperatures 

ranging from 40 °C to 80 °C, the membrane tends to 

experience excessive moisture and warm vapor 

exposure, which can lead to rapid drying or 

dehydration. This condition reduces proton activity 

within the MEA, lowers its proton conductivity, and 

ultimately results in poor MEA performance [12]. 

Influence of hydrogen flow rate on MEA 

performance 

After determining the optimal humidifier at room 

temperature, the subsequent MEA performance test 

was conducted by varying the hydrogen flow rate 

between 100 and 400 mL/min. The results are 

presented in the current density versus voltage curve, 

as shown in Figure 4. The hydrogen gas flow rate can 

enhance MEA performance when appropriately varied. 

An increased volume of hydrogen supplied as fuel 

contributes to improved performance of the MEA used 

[10]. 

The voltage versus current density curve in 

Figure 4 (a) at a hydrogen flow rate of 100 mL/min 

demonstrates a greater ability to maintain voltage 

under increasing current compared to other hydrogen 

flow rate variations. This flow rate also shows a more 

stable voltage during both activation and ohmic 

polarisation, preventing a drastic voltage drop as the 

current density increases [26].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Polarization Response at Different Hydrogen Flow Rates (a) I-V (b) I-P 

 

Figure 4 (b) shows that the MEA under 

investigation achieved its highest performance at a 

100 mL/min hydrogen flow rate. This result is 

attributed to the more effective and uniform 

distribution of hydrogen at this flow rate compared to 

the other variations. An excessive hydrogen supply can 

lead to crossover, where the fuel passes through the 

membrane without undergoing the splitting process 

into protons and electrons [11], which can lead to 

corrosion to the supporting carbon due to water 

collecting to the pores of the electrode, the blockage 

can prevent the reactant from reaching the catalyst 

[27]. This phenomenon is associated with heat 

generation within the PEMFC stack, reducing overall 

performance. At the 100 mL/min flow rate, the MEA 

produced a power density of 0.364 mW/cm2 and a 

current density of 2.4 mA/cm2. 

Intrinsic catalytic activity of non-PGM materials. 

Non-precious metal catalysts commonly show 

substantially lower ORR activity than Pt/C, while 

recent progress has narrowed the gap, practical single-

cell power using many non-PGM cathodes remains 

lower without extensive optimisation. Recent reviews 

summarise the gap between PGM and PGM-free 

catalysts and the remaining challenges [28]. 

The obtained maximum power density is 

consistent with reported performances of non-PGM 

cathode catalysts tested under comparable conditions. 

As reviewed by Krishnan et al. [28], non-precious 

metal catalysts such as transition metal oxides and M-

N-C typically exhibit much lower power densities than 

Pt-based systems, especially when catalyst structure 

and operating parameters are not optimized. Similarly, 

Jose et al. [29] was shown that humidifier temperature 

variation and oxidant flow significantly affect 
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maximum power point, demonstrating that fuel cell 

performance is sensitive to water management and 

mass transport. Furthermore, previous work by 

Rohendi et al. [30] confirmed that water imbalance and 

increased temperature can lead to conductivity loss and 

performance decline in MEA operation, reinforcing the 

interpretation that the relatively low power density 

observed here is consistent with expectations for non-

PGM systems. 

CONCLUSION 

The characterization results of the Membrane 

Electrode Assembly (MEA) fabricated using Ti-Co/C 

and Pt/C catalysts with a catalyst loading of 0.5 

mg/cm2 showed an electrochemical surface area 

(ECSA) of 8.38 cm2/g and an electrical conductivity of 

3.76 × 10-8 S/cm. In evaluating the hydrogen gas flow 

rate, a 100 mL/min provided the best MEA 

performance, achieving a power density of 0.364 

mW/cm2 and a current density of 2.4 mA/cm2. The 

influence of humidifier temperature also revealed that 

the MEA exhibited optimal performance at room 

temperature, with a power density of 0.375 mW/cm2 

and a current density of 2.8 mA/cm2.Although these 

absolute power densities are lower than those typically 

achieved with Pt-based PEMFCs, they are within the 

expected range for non-PGM catalysts such as Ti–

Co/C. The relatively low power density suggests that 

the catalytic activity of the Ti–Co/C formulation for the 

ORR remains limited and that improvements in 

catalyst dispersion and electrode structure are required 

to enhance the ECSA and overall electrochemical 

performance. 
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