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Nonporous Carbon-Supported Platinum 
Catalyst for Polymer Electrolyte 
Membrane Fuel Cell

ABSTRACT

In this study, a commercial, nonporous carbon black was used as catalyst support for the disper-
sion of platinum (Pt) nanoparticles (NPs) in a polymer electrolyte membrane (PEM) fuel cell. The 
microstructure of nonporous carbon black was determined by Brunauer–Emmett–Teller analy-
sis and crystal structure by x-ray diffraction (XRD) analysis. The surface area of carbon black is 
72.6 m2/g, and the micropore volume has low fraction in the total volume. The fact that the d(002) 
value determined according to XRD analysis is 0.377 nm indicates the amorphous structure of 
nonporous carbon. Inductively coupled plasma mass spectrometry (ICP-MS) analysis determined 
the Pt loading on nonporous carbon as 15 wt.%. Catalyst support was also investigated electro-
chemically by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). In CV 
analysis, as the scan rate increases, capacitive property increases. Furthermore, the low current 
density of the quinone-hydroquinone (Q-HQ) redox peak suggests nonporous carbon black’s cor-
rosion resistance. Nonporous carbon black, whose charge transfer resistance is 454.5 Ω based on 
EIS analysis, facilitates the mass transfer of species due to its low porosity. Nonporous carbon is 
preferred to alleviate the water flooding that occurs at the cathode electrode of PEM fuel cells. 
Platinum NPs supported with nonporous carbon provided 15 and 40 mW/cm2 maximum power 
densities in PEM fuel cell performance tests at 60°C and 70°C, respectively. As the sustainable 
energy conversion technology of the future, PEM fuel cells can produce enough power to operate 
everything from mW-scale portable applications to kW-MW-scale transportation and residential 
uses. In this study, the performance of the nonporous carbon-supported Pt catalyst can be suit-
able for mW scale applications.

Keywords: Nonporous carbon black, Pt catalyst, support material, ORR, PEM fuel cell

INTRODUCTION
Solar, wind, marine, nuclear, hydro, biofuels, and geothermal fuels are renewable energy sources that 
can be alternatives to traditional fossil fuels to meet the increasing energy demand of the world popu-
lation. Another alternative, which has gained importance in recent years due to its enormous energy 
content, is hydrogen. Chemical energy is directly and cleanly converted to electricity in fuel cells by 
using hydrogen as fuel. Efforts continue to meet the energy needs of the transportation sector, which 
constitutes 60% of total energy consumption, with hydrogen-based energy systems.1 A polymer elec-
trolyte membrane (PEM) fuel cell is a kind of fuel cell in which a thin, solid membrane that is permeable 
to hydrogen ions but not electrons is used as an electrolyte.2

The kinetics of the oxygen reduction reaction (ORR) taking place at the cathode electrode of a PEM 
fuel cell are quite slow. Thus, highly active and stable platinum (Pt) catalysts are often used to catalyze 
this reaction.3 Expensive and rare Pt metals are dispersed on conductive carbon materials to increase 
catalyst utilization. The preference for carbon-based materials in PEM fuel cell catalysts is due to their 
nano-sized morphology, pore structure, high surface area, good electrical conductivity, and corrosion 
resistance. The electrical conductivity, active surface area, and stability of the support material are 
effective in determining the performance of the carbon-supported Pt catalyst in the PEM fuel cell. 
Excluding the most widely used carbon black,4 carbon nanotubes (CNTs) and graphene are also fre-
quently used carbon-based support materials.5

Microstructure in carbon black refers to three types of pore structures. These are micro-, meso-, and 
macropores, respectively. The micropores represent the pores within the primary carbon particles, 
while the meso- and macropores represent the pores within the aggregates formed by these primary 
carbon particles.6 Generally, as a result of the exposure of carbon structures to various activation pro-
cesses, the micropore (<2 nm) fraction increases, and the Brunauer–Emmett–Teller (BET) surface area 
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varies between 800-1200 m2/g according to the degree of acti-
vation. Activated carbon materials can be preferred as catalyst 
support materials in different fuel cell types due to their large 
surface areas.7 However, the abundance of meso- and macro-
pores in the total area instead of micropores provides a more 
effective distribution of metal catalyst nanoparticles (NPs) on the 
support.8 Although the use of carbon black as a support material 
in fuel cells is common, the intense microporosity of some types 
reduces the activity of the catalyst because it traps metal NPs.9 
Microporosity directly affects the catalyst and ionomer interac-
tion, so it is proper to have accessible pores in the support.9,10

In recent years, studies on the utilization of nonporous carbons in 
electrochemical applications have appeared in the literature. Han 
et al11 obtained nonporous graphite from low-cost coal for use as 
material in the anode electrodes of lithium-ion batteries. They 
intended to eliminate the side reactions with the electrolyte in 
large surface areas and porous carbon materials by using a non-
porous and less defective carbon structure. The authors attained 
a high reversible capacity value of 347 mAh/g for the storage of 
lithium ions with this new carbon structure. Additionally, non-
porous carbon provided better electrical conductivity and facile 
ion transfer. Mizutani et al12 developed a nonporous carbon as an 
alternative to the conventional mesoporous carbon as the cata-
lyst support material for the PtCo NPs in PEM fuel cells. While the 
catalyst utilization rate (%) in the mesoporous carbon-supported 
PtCo catalyst was poor below 60% relative humidity (RH), the cat-
alyst utilization rate (%) in the nonporous carbon-supported PtCo 
catalyst was around 80% under all RH conditions. The authors 
observed that the majority of PtCo NPs in the mesoporous car-
bon structure remained in the pores of the carbon, while the PtCo 
NPs in the nonporous carbon were located on the outer surface 
of the carbon by using the 3D TEM imaging technique. The PEM 
fuel cell performance of the PtCo catalyst under low humidity 
and high current density conditions was improved via facilitated 
mass transfer by the nonporous carbon. In another study,13 three 
carbon blacks with different textural structures (Ketjen black 
(KB), Acetylene black (AB), and Vulcan (V)) with a micropore den-
sity order of KB>AB>V exhibited the opposite ranking in terms 
of PEM fuel cell performance. The poorest performance of KB is 
attributable to those Pt catalysts trapped within the micropores 
that are no longer accessible.

In this study, inspired by the examples of nonporous carbon utili-
zation in the literature, commercial nonporous carbon black was 
tried as a support material for Pt catalyst in the cathode elec-
trode of a PEM fuel cell. Besides several physical analyses of non-
porous carbon black, it was also electrochemically analyzed in a 
standard three-electrode cell system. Nonporous carbon black-
supported Pt catalyst exhibited fuel cell performance in a PEM 
fuel cell test station.

MATERIAL AND METHODS
Materials
Conductive nonporous carbon black (purity: 99.9%, size: 24 nm, 
Nanografi) was used as a catalyst support for Pt NPs. Chloroplatinic 
acid hydrate (H2PtCl6 · 6H2O, Sigma Aldrich) was used as a precur-
sor for the Pt NPs along with the reducing agent of ethylene gly-
col (Sigma Aldrich). Nafion 212 polymer membrane was used as an 
electrolyte in the PEM fuel cell. The anode and cathode electrodes 
were constructed on the commercial gas diffusion layer (GDL, Sig-
racet 34 BC). Tanaka catalyst (67.7 wt.% Pt, Pt/C) was used at the 
anode electrode, while the nonporous carbon black-supported 

Pt catalyst was used at the cathode electrode. Nafion solution (15 
wt.%, Ion Power) and isopropanol (Sigma Aldrich) were the ingre-
dients of both catalyst inks at the anode and cathode electrodes. 
1,2-Propanediol (Sigma Aldrich) was the solvent for nonporous 
carbon black and Nafion solution in the standard three-electrode 
cell system’s working electrode (WE) ink.

Catalyst Preparation
Pt catalyst on nonporous carbon black was prepared by using 
microwave-assisted polyol method. The certain amount of non-
porous carbon was added to the beaker with 50 mL of ethylene 
glycol. About 2.6 mL of Pt catalyst precursor solution was added 
to the mixture. The ultimate solution was mixed for 30 minutes. 
Therefore, the solution was held on the domestic type microwave 
oven for 1 minute at 800 W. Pt NPs were loaded on the nonporous 
carbon in metallic form. At the end of the time, the solution was 
quickly cooled down to the room temperature. The solid catalyst 
sample was collected subsequent to the multiple stages of cen-
trifugation and drying processes.14 Figure 1 shows a schematic 
representation of the preparation of the Pt catalyst over nonpo-
rous carbon black. The microwave technique is an energy- and 
time-saving technique in the synthesis of heterogeneous cata-
lysts.15 Especially homogeneously distributed and ultrafine NPs 
are obtained by the microwave-assisted polyol method, in which 
ethylene glycol with a high dielectric constant is used as a dis-
persing and reducing agent.16 Platinum NPs obtained with this 
method are generally in the range of 3-5 nm.17-20

Membrane Electrode Assembly (MEA) Preparation
A commercial Tanaka catalyst was used in the anode electrode 
part of the prepared MEA. Tanaka catalyst and Nafion solution 
were combined in a specific ratio (70:30) and dissolved in 2-pro-
panol and distilled water. After mixing for a while, the catalyst ink 
was homogenized. Spraying the produced catalyst ink onto the 
GDL provided 0.4 mg Pt/cm2 loading. To construct the cathode 
electrode, a Pt catalyst supported by nonporous carbon was dis-
solved in 2-propanol and water solvents with Nafion solution, 
homogenized, and sprayed on a separate GDL with a loading 
of 0.4 mg Pt/cm2. Following the construction of the anode and 
cathode electrodes, a 5 × 5 cm Nafion-212 membrane was placed 
between the electrodes in contact with the catalyst layers. The 
triple structure was compressed in a hot press device at 130°C 
and 400 psi pressure for a certain period. The assembled struc-
ture was used as an MEA in the PEM fuel cell test station. Figure 2 
shows the preparation steps for MEA.

Physical Characterizations
The physical characterizations of the nonporous carbon black 
were performed with BET (Micromeritics 3Flex) and X-Ray Diffrac-
tion (XRD) (PANalytical Empyrean, Cu Kα radiation, operated at 
45 kV). The amount of Pt amount on the nonporous carbon black 
support was detected by an inductively coupled plasma mass 
spectrometer (ICP-MS, Agilent 7800).

Electrochemical Characterization
Electrochemical characterization of the nonporous carbon black 
was conducted with the VersaSTAT 3 poten tiost at-ga lvano stat 
electrochemical analysis instrument. Ag/AgCl, platinum wire, 
and glassy carbon (GC) electrodes (5 mm diameter, 0.1963 cm2) 
were employed as the reference electrode, counter electrode, 
and working electrode in a standard three-electrode cell system, 
respectively. The WE ink was composed of a carbon sample (70 
wt.%), Nafion solution (30 wt.%), 1,2-propanediol, and distilled 
water. The material loading amount was set to the 28 µg catalyst 
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sample/GC electrode area. About 5 μL of the ultimate WE ink was 
dropped over the GC electrode and dried at room temperature. 
Firstly, the potential was linearly swept between the potential 
range of (−0.28) and (0.92) V at different scan rates (20, 50, and 
100 mV/s) through 3 cycles in a N2-saturated 0.5 M H2SO4 elec-
trolyte solution in CV analysis. Then, CV analysis was continued 
at the same electrolyte conditions for 3 cycles at a constant scan 
rate of 50 mV/s but at different upper potential values (0.4, 0.6, 
0.8, and 1.0 V). Electrochemical impedance spectroscopy tests 
(potentiostatic mode; 0.4, 0.65, and 0.9 V) were carried out in 
N2-saturated 0.5 M H2SO4 over a frequency range of 1-105 Hz.

The PEM fuel cell performance of a nonporous carbon-supported 
Pt catalyst was measured using a test station. The prepared MEA 
was placed on the active region of the single-cell contacting the 
gas flow channels, and then the cell was closed by compressing 
the screws at appropriate torque pressures. The cell was swept 
with nitrogen gas for approximately 1 hour for cleaning and reach-
ing the desired temperatures of the humidification tanks, gas flow 
lines, and fuel cell before the measurements. The humidification 
tank temperatures were adjusted to 60°C and 70°C, respectively, 
while the cell temperature was 70°C. After sweeping, hydrogen 
gas was fed to the anode side, and oxygen gas was fed to the 
cathode side. By turning on the load connected to the cell, cor-
responding current values were recorded starting from the open-
circuit voltage and decreasing the voltage at 0.05 V intervals 
every 30 minutes. Finally, polarization curves were obtained with 
the recorded potential and current density data.21

RESULTS AND DISCUSSION
Brunauer–Emmett–Teller
Brunauer–Emmett–Teller analysis is an empirical technique 
to calculate surface area per weight or volume by performing 
gas adsorption experiments on porous materials. Brunauer–
Emmett–Teller surface area depends strongly on pore size, struc-
tural homogeneity, and the adsorbate-adsorbent relationship.22 
Table 1 shows the BET analysis results for the nonporous car-
bon. The micropore volume of nonporous carbon black is insig-
nificant compared to the cumulative adsorption and desorption 
volumes, and the surface area was as low as 72.6 m2/g. There is 
hardly any difference between adsorption and desorption vol-
umes in Figure 3(A). Nitrogen gas is reversibly adsorbed in the 
form of mono- or multi-layers in nonporous or macroporous 
solids according to the type-II isotherm,23,24 The Barrett–Joyner–
Halenda adsorption pore size distribution of nonporous carbon 
black is shown in Figure 3(B). The average adsorption pore size 
was in the range of 30-40 nm.

Figure 4 shows the XRD pattern of the nonporous carbon black. 
Two distinct peaks at around 24° and 43° represent the (002) and 
(100) planes of graphite, respectively.24,25 Additionally, the peak 
around 80° belongs to the (110) plane of graphite.20 Actually, (002) 
reflection is positioned at 26°, but the peak appears at smaller 
angles compared to the crystalline graphite in this case due to its 
amorphous nature. Because the shift of the (002) plane to lower 
angle values means there will be a larger d-spacing between the 

Figure 1. Preparation of a nonporous carbon-supported Pt catalyst.

Figure 2. Preparation steps for MEA.
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layers, which causes a deviation from the d-spacing (0.335 nm) of 
crystalline graphite.26,27 In reality, when the d(002) value of nonporous 
carbon black was computed using Bragg’s Law,28 it was found to 
be 0.377 nm, confirming the previous interpretation. Although the 
structure of carbon black is similar to that of graphite, the differ-
ence that distinguishes it from graphite is that it consists of a het-
erogeneous mixture of turbostratic regions rather than entirely of 
fine graphite crystals.29 ICP-MS analysis was used to measure the 
amount of Pt metal loaded on nonporous carbon. As a result of the 
analysis, the amount of Pt was detected at 15 wt.%. The amount 
of Pt NPs on the support material is a parameter that affects the 
porosity and thickness of the catalyst layer. In the literature, the 
generally accepted Pt loading amount for PEM fuel cell cathode 
electrodes is 0.4 mgPt/cm2. A lesser amount of Pt/C catalyst with a 
higher mass Pt% value is adequate to obtain a loading of 0.4 mgPt/
cm2; however, more Pt/C catalyst with a lower mass Pt% value is 
required to accomplish the same loading. This case leads to an 
increase in the fraction of carbon and ionomer, thus increasing 

the thickness and reducing the porosity of the catalyst layer.30 
The thickness of the catalyst layer makes it difficult to transfer the 
species required for electrochemical reactions to active sites by 
longer pathways, which causes lower PEM fuel cell performance.31

Figures 5(A) and (B) show CV diagrams of nonporous carbon 
black at different scan rates and upper potential limits, respec-
tively. The capacitive storage feature increases in the CV curves of 
Figure 5(A) as the scan rate increases.32 In Figure 5(B), the capaci-
tive field becomes more pronounced with the increase in the 
upper potential limit.33 The quinone-hydroquinone (Q-HQ) redox 
peaks appeared at around 0.5-0.7 V in the positive sweep and 
0.4-0.6 V in the negative sweep due to the change of the carbon 
surface with the potential cycling,34,35 Carbon support materials 
undergo electrochemical oxidation and deteriorate due to the 
production of surface oxides and CO2/CO in aqueous acidic elec-
trolyte conditions, including the PEM fuel cell. The production 
of oxygen-containing groups on the carbon surface is triggered, 
especially at potential values greater than 1 V. Since corrosion 
promotes carbon loss, the interaction of the support with Pt 
NPs weakens, and the sintering of Pt NPs accelerates. Further-
more, the decrease in electrode thickness owing to material loss 
increases resistance and decreases conductivity. All of these 
unfavorable aspects contribute to poor PEM fuel cell perfor-
mance. As a result, the corrosion resistance of carbon is critical.36 
At scan rates of 20, 50, and 100 mV/s, the current density values 
obtained by the peak of the Q-HQ redox couple on nonporous 
carbon black were roughly 0.14, 0.31, and 0.57 mA/cm2. According 
to the CV diagrams acquired at a scan rate of 10 mV/s for holding 
under 1.2 V (0 h) in Wang et al’s work,37 the current density values 
reached by the peak of the Q-HQ redox couple on Vulcan XC-72 
and Black Pearls (BP) 2000 carbon blacks are approximately 1 and 
1.5 mA/cm2. BP-2000 carbon black is more susceptible to oxida-
tion due to its higher micropore density. Based on the lower cur-
rent density values obtained for the Q-HQ redox couple in this 
study, nonporous carbon black will be more resistant to oxidation 
in the fuel cell environment.

EIS analysis is a method that provides useful information in a 
short time to better understand the ORR mechanism in fuel 

Table 1. Structural Properties of the Nonporous Carbon

Sample
BET Surface Area 

(m2/g)

Dubinin–Astakhov 
Micropore

Volume (cm3/g)

BJH Adsorption 
Cumulative Volume of 

Pores (cm3/g)

BJH Desorption 
Cumulative Volume of 

Pores (cm3/g)

BJH Adsorption 
Average Pore Width 

(nm)

BJH Desorption 
Average Pore Width 

(nm)
Nonporous carbon 72.6 0.024 0.729 0.728 37.6 31.4
BET, Bruna uer–E mmett –Tell er; BJH, Barre tt–Jo yner– Halen da.

Figure 3. BET analysis of nonporous carbon: (A) adsorption-desorption isotherms; (B) BJH adsorption pore size distribution.

Figure 4. XRD analysis of nonporous carbon.
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cells, determine electrode properties, and evaluate diffusion-
induced transfer losses.38 Figure 6 shows the Nyquist plots of 
the nonporous carbon at different voltages. The Nyquist plot fits 
the fundamental Randles equivalent electrical circuit with mem-
brane and electrolyte resistances (RS) and charge transfer resis-
tance (RCT) at 0.9 V.39 Table 2 gives the RS and RCT values as 34.3 
Ω and 454.5 Ω, respectively. Liu et al40 performed an EIS study 
on Pt catalysts produced on highly graphitic carbon black (GCB) 
and Vulcan XC-72 in the frequency range of 0.01 Hz-100 kHz at 
0.54 V in a 0.5 M H2SO4 environment. The RCT values of the Pt/
GCB and Pt/Vulcan XC-72 catalysts were 331.5 Ω.cm2 and 443.9 
Ω.cm2, respectively. When we multiply the RCT value we obtained 
for nonporous carbon black in this study by the electrode area 
(0.1963 cm2), we get a value of 89.2 Ω.cm2. In another study, Yan 
et al41 prepared nitrogen (N)/phosphorus (P) co-doped nonporous 
carbon nanofibers (N/P-NPCNFs) for supercapacitors by the elec-
trospinning method. The EIS analysis (at 1 M H2SO4 electrolyte) 
of the N/P-NPCNFs-5 (63.62 m2/g), N/P-NPCNFs-10 (33.94 m2/g), 
N/P-NPCNFs-20 (12.15 m2/g), and N/P-NPCNFs-30 (10.34 m2/g) 
samples created by varying the polya crylo nitri le/ph ospho ric acid 
ratio yielded low RCT values for all of them. It is clear from these 
examples that nonporous carbon structures can achieve lower 
RCT values. The lower RCT at the electrode/electrolyte interface 
means higher ORR activity in the PEM fuel cell.42 In the Nyquist 

plot given in the inset figure of Figure 6, slope angles higher than 
45º were obtained in the high-frequency region in the impedance 
spectroscopy taken at lower potentials. This case represents the 
pore structure with a wide mouth and narrowing down shape.43

Figure 7 demonstrates the performances of MEAs prepared 
with Pt catalysts supported with nonporous carbon at 2 differ-
ent humidification temperatures. The maximum current density 
at 60°C was recorded as 86 mA/cm2 and 193 mA/cm2 at 70°C. 
There is a 2.25-fold increase in maximum current density at 70°C 
despite excess water at the cathode electrode at a higher humid-
ification temperature. The Pt catalyst achieved a maximum 
power density of 15 mW/cm2 at 60°C and 40 mW/cm2 at 70°C. 
The performance values of the nonporous carbon-supported Pt 
catalyst in this study were better than the results obtained with 
the Pt catalyst in MEA, which was prepared by Rohendi et al44 by 
the casting method with 1.5 mg/cm2 Vulcan carbon black loading 
in its microporous layer. In addition, the mentioned MEA failed 
in water management, and a rapid decrease in current density 
was experienced. The nonporous carbon structure can facilitate 
the removal of excess water released at the cathode electrode by 
not trapping water in the pores. Since the mass transfer resis-
tance is less in nonporous carbons than in porous carbons, it is 
easier for water to drain from the catalyst layer, thus preventing 
the catalyst from overflowing. In this sense, it is thought that it 
may be advantageous to use nonporous carbon catalyst sup-
port at the cathode electrode of a PEM fuel cell. Lefèvre et al45 
prepared iron (Fe) catalysts on different carbon blacks and used 
them in the PEM fuel cell. The BET surface areas and micropore 
areas of SR0, SR1, Vulcan XC-72R, and BP 2000 carbon blacks are 
(71;29), (441;272), (213;114), and (1379;934) m2/g, respectively. Fe/
SR0 carbon black gives the best results in PEM fuel cell perfor-
mances; however, Fe/BP 2000, which has the highest micropore 
area, deteriorates faster than the others in the high current den-
sity region. The authors stated that nonporous SR0 carbon black 
is better than its porous counterparts.

Nonporous carbon structures improve catalyst utilization by 
ensuring that catalysts are put onto the support material and are 
in easily accessible locations. Takeshita et al46 investigated the 
Nafion ionomer coating on the cathode electrodes of MEAs made 
with Pt catalysts placed on commercial nonporous carbon black 

Figure 5. CV measurements of nonporous carbon: (A) different scan rates (20, 50, and 100 mV/s; potential range: –0.28 to 0.92 V); (B) different upper 
potentials (0.4, 0.6, 0.8, and 1.0 V; scan rate: 50 mV/s).

Figure 6. EIS measurements of nonporous carbon.

Table 2. Resistance values of nonporous carbon (@0.9 V)

Sample RS (Ω) RCT (Ω)
Nonporous carbon 34.3 454.5
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(Vulcan, MEA-1) and porous carbon blacks (Ketjen Black, MEA-2; 
Cnovel, MEA-3). The researchers determined that almost all of 
the Pt NPs on nonporous Vulcan were coated with Nafion iono-
mer and positioned on the outer surface of carbon. However, they 
did state that a significant proportion of Pt NPs were found at the 
inner surface of porous Ketjen Black and Cnovel carbons, and they 
could not be covered with Nafion ionomer. The authors reported 
the estimated Nafion coverage percentages as 90 ± 2% for MEA-1, 
60 ± 7% for MEA-2, and 57.4 ± 0.3% for MEA-3, respectively. Non-
porous carbons also contribute to the fuel cell’s durability. Some 
studies indicate that nonporous carbons give more stability than 
porous carbons within the catalytic framework. O’Brien et al47 
used 5 carbon materials (AB (524 m2/g), EA (109 m2/g), E (527 
m2/g), VA (70 m2/g), and V (160 m2/g)) with different structures as 
the support for the PtCo catalyst and tested their durability in 
PEM fuel cells. In their EIS analysis for carbon materials (at 1.0 A/
cm2, 80°C, 100% RH), before applying accelerated stress testing 
(AST), the authors stated that samples with lower surface areas 
such as VA, EA, and V had lower mass transfer resistance, and 
this was also associated with the low total micropore volume. In 
the EIS analyses performed under the same conditions after the 
AST test, the mass transfer resistance of AB and E carbons with 
high surface areas increased significantly, while the mass transfer 
resistance of carbons such as VA, EA, and V did not change notice-
ably. Additionally, the authors stated that porous carbons such as 
AB and E were more prone to Co leaching. Tian et al48 synthesized 
Fe/N/C catalysts using extremely microporous BP 2000 (1379 
m2/g) and Ketjenblack EC-600JD (1417 m2/g) carbon blacks as well 
as nonporous N330 carbon black (74 m2/g) and CNT (257 m2/g). 
According to the normalized mass activities based on polariza-
tion curves after holding the catalysts at 0.5 V for different peri-
ods, the Fe/N/C catalysts with N330 carbon black and CNT were 
substantially more stable than those of BP 2000 and Ketjenblack.

Figure 8 depicts the main topics on the advantages of nonporous 
carbons in PEM fuel cells based on studies in the literature. In 
these carbons, nonporosity provides better usage of metal cata-
lysts, facile mass transfer of the species, better water manage-
ment, and long durability.

This study, unlike the examples in the literature, aimed at using 
a nonporous commercial carbon black as a support material for 
the PEM fuel cell catalyst. The nonporous structure ensures bet-
ter metal loading and utilization by preventing the metal NPs 
from being trapped in the pores of the support material. Plati-
num metal was used as the catalyst. As a result of the reduction 
of Pt salt in the microwave, Pt metal was obtained in metallic 

form on nonporous carbon. The structural properties of nonpo-
rous carbon were evaluated by BET analysis, and its surface area 
was found to be quite low, 72.6 m2/g. The nonporous carbon BET 
isotherm exhibited no hysteresis and conformed to the type-
II isotherm. Through XRD analysis, it has been understood that 
nonporous carbon has an amorphous structure.

The nonporous carbon structure was further studied using CV 
and EIS analyses in a 3-electrode setup. In the CV analysis, it was 
observed that the capacitive property increased considerably 
with the increase in the scan rate. In the EIS analysis, it was found 
that under high potential, nonporous carbon responded appro-
priately to the Randles cell, and Rs (34.3 Ω) and RCT (454.5 Ω) values 
were obtained depending on this cell type. Membrane electrode 
assemblies produced with a nonporous carbon-supported Pt 
catalyst provided maximum power densities of 15 mW/cm2 
and 40 mW/cm2 at humidification temperatures of 60°C and 
70°C, respectively. A balanced drop in fuel cell performance was 
observed when descending to low voltages with nonporous 
carbon. In addition, better performance at high humidification 
showed that water management is proper. Nonporous carbons 
as alternate catalyst support materials can be used to create 

Figure 7. PEM fuel cell performance of the Pt catalyst supported with nonporous carbon at different humidification temperatures (A) 60°C and (B) 70°C.

Figure 8. Advantages of nonporous carbons in PEM fuel cells.
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high-performance fuel cells with facile water management and 
long-term durability for portable applications with mW scale.

Peer-review: Externally peer-reviewed.

Acknowledgements: The authors thank the Nanografi Nanotechnology 
Company for providing commercial nonporous carbon black. The authors 
also appreciate the East Anatolia High Technology Application and 
Research Center (DAYTAM) for BET, XRD, and ICP-MS analyses.

Author Contributions: Concept – A.Ö.A.; Supervision –  A.B.Y.; Resources 
– A.B.Y.; Materials – A.Ö.A.; Data Collection and/or Processing – A.Ö.A.; 
Analysis and/or Interpretation – A.Ö.A.; Writing Manuscript – A.Ö.A., A.B.Y.; 
Critical Review –  A.B.Y.

Declaration of Interests: The authors declare that they have no compet-
ing interests.

Funding: The authors declared that this study has received no financial 
support.

REFERENCES
1. Singla MK, Nijhawan P, Oberoi AS. Hydrogen fuel and fuel cell tech-

nology for cleaner future: a review (Feb, 10.10 07/s1 1356- 020-1 2231- 
8, 2021). Environ Sci Pollut Res. 2021;28(15):19536-. [CrossRef]

2. Öztürk A, Akay RG, Erkan S, Bayrakçeken Yurtcan A. Introduction to 
fuel cells. In Direct Liquid Fuel Cells Fundamentals, Advances and 
Future. Cambridge: Academic Press; 2020:1-47.

3. Wu JB, Yang H. Platinum-based oxygen reduction electrocatalysts. 
Acc Chem Res. 2013;46(8):1848-1857. [CrossRef]

4. Çelik P, Bayrakçeken Yurtcan A. Platinum/Vulcan XC-72R electro-
catalyst doped with melamine for polymer electrolyte membrane 
fuel cells. Nanoera. 2023;3(1):16-19. [CrossRef]

5. Bharti A, Cheruvally G. Influence of various carbon nano-forms as 
supports for Pt catalyst on proton exchange membrane fuel cell per-
formance. J Power Sources. 2017;360:196-205. [CrossRef]

6. Soboleva T, Zhao X, Malek K, Xie Z, Navessin T, Holdcroft S. On the 
micro-, Meso-, and macroporous structures of polymer electrolyte 
membrane fuel cell catalyst layers. ACS Appl Mater Interfaces. 
2010;2(2):375-384. [CrossRef]

7. Dicks AL. The role of carbon in fuel cells. J Power Sources. 
2006;156(2):128-141. [CrossRef]

8. Kim P, Kim HS, Joo JB, Kim WY, Song IK, Yi JH. Preparation and appli-
cation of nanoporous carbon templated by silica particle for use as 
a catalyst support for direct methanol fuel cell. J Power Sources. 
2005;145(2):139-146. [CrossRef]

9. Shahgaldi S, Hamelin J. Improved carbon nanostructures as a novel 
catalyst support in the cathode side of PEMFC: a critical review. Car-
bon. 2015;94:705-728. [CrossRef]

10. Tang J, Liu J, Torad NL, Kimura T, Yamauchi Y. Tailored design of func-
tional nanoporous carbon materials toward fuel cell applications. 
Nano Today. 2014;9(3):305-323. [CrossRef]

11. Han L, Zhu X, Yang F, Liu Q, Jia XL. Eco-conversion of coal into a 
nonporous graphite for high-performance anodes of lithium-ion 
batteries. Powder Technol. 2021;382:40-47. [CrossRef]

12. Mizutani N, Ishibashi K. Enhancing PtCo electrode catalyst perfor-
mance for fuel cell vehicle application. World Congress and Exhibi-
tion. SAE International; 2016. [CrossRef]

13. Jayawickrama SM, Fujigaya T. Study of polymer-coating on various 
types of carbon supports to enhance platinum utilization efficiency 
in polymer electrolyte membrane fuel cell electrocatalysts. Meet 
Abstr. 2019;54:2363-2363. [CrossRef]

14. Çögenli MS, Bayrakçeken Yurtcan A. Nanoparticles supported on 
Bi2O3 for direct formic acid fuel cells. Nanoera. 2022;2:45-48.

15. Bayrakçeken A, Türker L, Eroglu I. Improvement of carbon dioxide 
tolerance of PEMFC electrocatalyst by using microwave irradiation 
technique. Int J Hydrog Energ. 2008;33(24):7527-7537. [CrossRef]

16. Song SQ, Liu JC, Shi JY, et al. The effect of microwave operation 
parameters on the electrochemical performance of Pt/C catalysts. 
Appl Catal B. 2011;103(3-4):287-293. [CrossRef]

17. Wang HW, Dong RX, Chang HY, Liu CL, Chen-Yang YW. Preparation 
and catalytic activity of Pt/C materials via microwave irradiation. 
Mater Lett. 2007;61(3):830-833. [CrossRef]

18. Harish S, Baranton S, Coutanceau C, Joseph J. Microwave assisted 
polyol method for the preparation of Pt/C, Ru/C and PtRu/C nano-
particles and its application in electrooxidation of methanol. J Power 
Sources. 2012;214:33-39. [CrossRef]

19. Knupp SL, Li WZ, Paschos O, Murray TM, Snyder J, Haldar P. The effect 
of experimental parameters on the synthesis of carbon nanotube/
nanofiber supported platinum by polyol processing techniques. Car-
bon. 2008;46(10):1276-1284. [CrossRef]

20. Öztürk A, Özçelik N, Bayrakçeken Yurtcan AB. Platinum/graphene 
nanoplatelets/silicone rubber composites as polymer electrolyte 
membrane fuel cell catalysts. Mater Chem Phys. 2021;260. 
[CrossRef]

21. Özçelik N, Bayrakçeken Yurtcan A. Effect of nitrogen doping amount 
on the activity of commercial electrocatalyst used in PEM fuel cells. 
Nanoera. 2022;2:5-9.

22. Tian Y, Wu JZ. A comprehensive analysis of the BET area for nanopo-
rous materials. AIChE J. 2018;64(1):286-293. [CrossRef]

23. Bardestani R, Patience GS, Kaliaguine S. Experimental methods in 
chemical engineering: specific surface area and pore size distribu-
tion measurements-BET, BJH, and DFT. Can J Chem Eng. 
2019;97(11):2781-2791. [CrossRef]

24. Yang YW, Hou XY, Ding CF, Lan JL, Yu YH, Yang XP. Eco-friendly fab-
ricated nonporous carbon nanofibers with high volumetric capaci-
tance: improving rate performance by tri-dopants of nitrogen, 
phosphorus, and silicon. Inorg Chem Front. 2017;4(12):2024-2032. 
[CrossRef]

25. Liu C, Shi GF, Wang GY, et al. Preparation and electrochemical stud-
ies of electrospun phosphorus doped porous carbon nanofibers. RSC 
Adv. 2019;9(12):6898-6906. [CrossRef]

26. Fina F, Callear SK, Carins GM, Irvine JTS. Structural investigation of 
graphitic carbon nitride via XRD and neutron diffraction. Chem 
Mater. 2015;27(7):2612-2618. [CrossRef]

27. Honbo H, Takei K, Ishii Y, Nishida T. Electrochemical properties and 
Li deposition morphologies of surface modified graphite after grind-
ing. J Power Sources. 2009;189(1):337-343. [CrossRef]

28. Öztürk A, Bayrakçeken Yurtcan A. Alternative support material to 
platinum catalyst used for oxygen reduction reaction: nonporous 
carbon. Gazi Univ J Sci. 2023;36(4):1463-1478. [CrossRef]

29. Jurkiewicz K, Pawlyta M, Burian A. Structure of carbon materials 
explored by local transmission electron microscopy and global pow-
der diffraction probes. C. 2018;4(4). [CrossRef]

30. Zhao J, Ozden A, Shahgaldi S, Alaefour IE, Li XG, Hamdullahpur F. 
Effect of Pt loading and catalyst type on the pore structure of porous 
electrodes in polymer electrolyte membrane (PEM) fuel cells. Energy. 
2018;150:69-76. [CrossRef]

31. Avcioglu GS, Ficicilar B, Eroglu I. Improved PEM fuel cell performance 
with hydrophobic catalyst layers. Int J Hydrog Energ. 2018;43(40): 
18632-18641. [CrossRef]

32. Gupta M, Singh PK, Bhattacharya B, Shulga YM, Shulga NY, Kumar Y. 
Progress, status and prospects of non-porous, heteroatom-doped 
carbons for supercapacitors and other electrochemical applications. 
Appl Phys A. 2019;125(2). [CrossRef]

33. Stevens DA, Dahn JR. Electrochemical characterization of the active 
surface in carbon-supported platinum electrocatalysts for PEM fuel 
cells. J Electrochem Soc. 2003;150(6):A770-A775. [CrossRef]

34. Macauley N, Papadias DD, Fairweather J, et al. Carbon corrosion in 
PEM fuel cells and the development of accelerated stress tests. 
J Electrochem Soc. 2018;165:F3148-F3160.

35. Kanninen P, Eriksson B, Davodi F, et al. Carbon corrosion properties 
and performance of multi-walled carbon nanotube support with and 
without nitro gen-f uncti onali zatio n in fuel cell electrodes. Electro-
chim Acta. 2020;332. [CrossRef]

https://doi.org/10.1007/s11356-021-13191-3
https://doi.org/10.1021/ar300359w
https://doi.org/10.5152/NanoEra.2023.1277591
https://doi.org/10.1016/j.jpowsour.2017.05.117
https://doi.org/10.1021/am900600y
https://doi.org/10.1016/j.jpowsour.2006.02.054
https://doi.org/10.1016/j.jpowsour.2005.01.070
https://doi.org/10.1016/j.carbon.2015.07.055
https://doi.org/10.1016/j.nantod.2014.05.003
https://doi.org/10.1016/j.powtec.2020.12.052
https://doi.org/10.4271/2016-01-1187
https://doi.org/10.1149/MA2019-02/54/2363
https://doi.org/10.1016/j.ijhydene.2008.09.069
https://doi.org/10.1016/j.apcatb.2011.01.012
https://doi.org/10.1016/j.matlet.2006.05.067
https://doi.org/10.1016/j.jpowsour.2012.04.045
https://doi.org/10.1016/j.carbon.2008.05.007
https://doi.org/10.1016/j.matchemphys.2020.124110
https://doi.org/10.1002/aic.15880
https://doi.org/10.1002/cjce.23632
https://doi.org/10.1039/C7QI00517B
https://doi.org/10.1039/c8ra10193k
https://doi.org/10.1021/acs.chemmater.5b00411
https://doi.org/10.1016/j.jpowsour.2008.08.048
https://doi.org/10.35378/gujs.1054803
https://doi.org/10.3390/c4040068
https://doi.org/10.1016/j.energy.2018.02.134
https://doi.org/10.1016/j.ijhydene.2018.03.045
https://doi.org/10.1007/s00339-019-2400-8
https://doi.org/10.1149/1.1573195
https://doi.org/10.1016/j.electacta.2019.135384


60

NanoEra 2023 3(2): 53-60 l doi: 10.5152/NanoEra.2023.23015

36. Avasarala B, Moore R, Haldar P. Surface oxidation of carbon supports 
due to potential cycling under PEM fuel cell conditions. Electrochim 
Acta. 2010;55(16):4765-4771. [CrossRef]

37. Wang JJ, Yin GP, Shao YY, Zhang S, Wang ZB, Gao YZ. Effect of carbon 
black support corrosion on the durability of Pt/C catalyst. J Power 
Sources. 2007;171(2):331-339. [CrossRef]

38. Wu JF, Yuan XZ, Wang HJ, Blanco M, Martin JJ, Zhang JJ. Diagnostic 
tools in PEM fuel cell research: Part I - Electrochemical techniques. 
Int J Hydrog Energ. 2008;33(6):1735-1746. [CrossRef]

39. Darowicki K, Gawel L. Impedance measurement and selection of 
electrochemical equivalent circuit of a working PEM fuel cell cath-
ode. Electrocatalysis. 2017;8(3):235-244. [CrossRef]

40. Liu HJ, Li J, Xu XH, et al. Highly graphitic carbon black-supported 
platinum nanoparticle catalyst and its enhanced electrocatalytic 
activity for the oxygen reduction reaction in acidic medium. Electro-
chim Acta. 2013;93:25-31. [CrossRef]

41. Yan XD, Liu Y, Fan XR, Jia XL, Yu YH, Yang XP. Nitrogen/phosphorus 
co-doped nonporous carbon nanofibers for high-performance 
supercapacitors. J Power Sources. 2014;248:745-751. [CrossRef]

42. Chakraborty I, Ghosh N, Ghosh D, Dubey BK, Pradhan D, Ghan-
grekar MM. Application of synthesized porous graphitic carbon 
nitride and it’s composite as excellent electrocatalysts in micro-
bial fuel cell. Int J Hydrog Energ. 2020;45(55):31056-31069. 
[CrossRef]

43. Malko D, Lopes T, Ticianelli EA, Kucernak A. A catalyst layer optimisa-
tion approach using electrochemical impedance spectroscopy for 
PEM fuel cells operated with pyrolysed transition metal-N-C cata-
lysts. J Power Sources. 2016;323:189-200. [CrossRef]

44. Rohendi D, Majlan EH, Mohamad AB, Shyuan LK, Raharjo J. Compari-
son of the performance of proton exchange membrane fuel cell 
(PEMFC) electrodes with different carbon powder content and meth-
ods of manufacture. Indonesian J Fundam Appl Chem. 2016;1(3):61-
66. [CrossRef]

45. Lefèvre M, Dodelet JP. Fe-based electrocatalysts made with micropo-
rous pristine carbon black supports for the reduction of oxygen in 
PEM fuel cells. Electrochim Acta. 2008;53(28):8269-8276. [CrossRef]

46. Takeshita T, Kamitaka Y, Shinozaki K, Kodama K, Morimoto Y. Evalu-
ation of ionomer coverage on Pt catalysts in polymer electrolyte 
membrane fuel cells by CO stripping voltammetry and its effect on 
oxygen reduction reaction activity. J Electroanal Chem. 2020;871. 
[CrossRef]

47. O’Brien TE, Herrera S, Langlois DA, et al. Impact of carbon support 
structure on the durability of PtCo electrocatalysts. J Electrochem 
Soc. 2021;168.

48. Tian J, Birry L, Jaouen F, Dodelet JP. Fe-based catalysts for oxygen 
reduction in proton exchange membrane fuel cells with cyanamide 
as nitrogen precursor and/or pore-filler. Electrochim Acta. 2011;56(9): 
3276-3285. [CrossRef]

https://doi.org/10.1016/j.electacta.2010.03.056
https://doi.org/10.1016/j.jpowsour.2007.06.084
https://doi.org/10.1016/j.ijhydene.2008.01.013
https://doi.org/10.1007/s12678-017-0363-0
https://doi.org/10.1016/j.electacta.2013.01.090
https://doi.org/10.1016/j.jpowsour.2013.09.129
https://doi.org/10.1016/j.ijhydene.2020.08.118
https://doi.org/10.1016/j.jpowsour.2016.05.035
https://doi.org/10.24845/ijfac.v1.i3.61
https://doi.org/10.1016/j.electacta.2008.06.050
https://doi.org/10.1016/j.jelechem.2020.114250
https://doi.org/10.1016/j.electacta.2011.01.029

