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High-temperature polymer-electrolyte membrane fuel cells (HT-PEMFCs) operate at 150–200 °C, making it possible
to use hydrogen contaminated with carbon monoxide. However, the main drawback for their distribution is the need
to improve stability of membrane-electrode assembly components, especially cathodes. The cathodes based on
carbon nanofiber (CNF) mat are free-standing (self-supporting), and are prepared using the method of electrospinning
from a polyacrylonitrile solution containing Zr and Ni salts, followed by the stabilization and pyrolysis steps. The com-
posite Zr, Ni-containing Pt/CNF cathodes are obtained after Pt nanoparticle deposition on the CNF surface. A novel
self-phosphorylating polybenzimidazole (PBI-6F) was deposited to the surface of Pt/CNF to improve the triple-phase
boundary. Substitution of OMe-groups and hydrophobic nature of CF3-groups lead to improvements in proton con-
ductivity and gas transport of the cathode as well as proton-conducting contacts between cathode and membrane.
The materials are studied using N2 and CO2 gas adsorption, TEM, HAADF STEM. The operation of the H2/air HT-PEMFC
shows that the application of the PBI-6F-covered PBI-6F/Pt/CNF cathode results in an enhancement of HT-PEMFC
performance, compared with the uncovered Pt/CNF cathode, providing ~20% increase in maximum power density.
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Pt, Zr, Ni-containing carbon nanofiber composites

modified by self-phosphorylating polybenzimidazole

as cathode materials for hydrogen-air high-temperature 

polymer-electrolyte membrane fuel cell

Introduction

T
he improvement of innovative electrode materials

is of crucial importance for the advancement of hy-

drogen energy technology, particularly in the area

of fuel cells (FCs) [1]. H2/air high-temperature polymer-

electrolyte (or proton-exchange) membrane fuel cells

(HT-PEMFCs) on polybenzimidazole (PBI) membrane

are of significant importance due to many advantages

[2–24]. Their essential feature is the ability to operate

with H2, contaminated with CO, due to their operation

at relatively high temperature (160–200 °C). The typi-

cal HT-PEMFC membrane-electrode assembly (MEA)

consists of the m-PBI membrane and electrodes based

on carbon black (CB) with deposited Pt nanoparticles

[1]. Triple phase boundary formation is essential for the

course of electrochemical reactions in the HT-PEMFC

electrodes (anodes and cathodes) since it ensures the con-

tacts of Pt electrocatalyst with electron-conducting phase

(carbon material), proton-conducting phase (phosphoric

acid) and gas channels [8]. Unfortunately, the CB-based

electrodes are not sufficiently stable under conditions of 

HT-PEMFC operation (high potentials, H3PO4 medium,

high temperatures). Therefore, it becomes necessary to

replace CB with more stable materials, such as carbon

nanostructured materials [25, 26], for example, carbon

nanofibers (CNF). Earlier [27–29], we have developed 

Pt/CNF composite electrodes based on polyacrylonitrile

(PAN) [30] or polymer of intrinsic microporosity [31]. 

Pt/CNF were produced by electrospinning [32–34] fol-

lowed by pyrolysis [35] of nanofiber mats and deposition

of Pt nanoparticles. Recently, to improve the HT-PEMFC 

MEA performance, we have developed self-phosphorylating 

membrane PBI-OMe [36] as well as proton-conducting 

polymer coatings for Pt/CNF anodes: PBI-OPhT-P [37]

and self-phosphorylating PBI-6F [38]. PBI-6F can be

obtained from PA-6F, during the cyclization procedure 

at ~300 °С and followed by the self-phosphorylation step

(Fig. 1) [38].

According to our approach of self-phosphorylation

which was previously presented in [36, 38], the MeO-

groups can be substituted at ~180 °C, e.g., under typical

HT-PEMFC operation conditions. Therefore, we have 

shown that anodes can be improved by PBI-6F deposi-

tion [38]. The improvement in the triple phase boundary 

formation is reached by better gas permeability due to

PBI-6F hydrophobic properties on one hand, and proton 

conductivity of PBI-6F on the other.*Correspondence author.
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At the same time, the improvement of the cathodes in

HT-PEMFCs is still a major challenge in achieving higher 

efficiencies.

The aim of this study is to increase the HT-PEMFC

MEA performance by improving proton transport con-

tacts using the PBI-6F coating for the cathode. In this

study, for the first time, the self-phosphorylating PBI-6F

coating was deposited onto composite carbonized Pt, Zr,

Ni-containing CNF-based cathode, and tested in MEA 

for the H2/air HT-PEMFC.

Materials and Methods

Zr, Ni-containing composite PAN-based nanofi-

ber mat is obtained in accordance to the NanospiderTM r

technology of needle-free (free surface) electrospin-

ning on an Elmarco NS Lab NanospiderTM (Liberec,

Czech Republic) at 69 kV (RH 8%). A typi-

cal electrospinning procedure follows. PAN

(3.25 g, Mw 150 · 10w
3 Da), Vulcan® XC-72 CB

(0.1 g, ~3 wt.% relative to PAN), Ni(OAc)2

(0.37 g), ZrCl4 (0.03 g) are dispersed in N,N-

dimethylformamide (50 mL) in ultrasonic

bath (3 h). The nanofiber mat is stabilized at

350 °C (air, 2 h), immersed into Zn(NO3)2

solution (0.5 wt.%) in water/ethanol

(1 : 3 v/v) for ~24 h, then dried (100 °C,

2 h). Finally, it is carbonized (pyrolyzed) at

1000 °C (2 h, vacuum, 3 K/min heating rate).

Tb of Zn is 906 °C, therefore, when it evapo-b
rates, it forms a porous structure in the final

carbonized composite CNF mat.

Pt deposition on a CNF mat with an area of 

6.76 cm2 is carried out in 10 mL of H2O with

the calculated amount of H2[PtCl6] · 6H2O 

and 0.5 g of HCOOH (reducing agent) to ob-

tain cathode electrocatalysts with Pt load of 1.2 mgPt/cmtt
2. 

The system is kept at room tempera ture for 3 days. The re-

sulting Pt/CNF mat is obtained after washing with distilled 

water and drying (100 °C, 2 h, vacuum).

Self-phosphorylated proton-conducting PBI-6F poly-

mer with a 6F-bridge group (obtained according to [38]) is 

deposited as a coating to the Pt/CNF mat by immersing 

Pt/CNF into 0.1 wt.% solution of PA-6F (Fig. 1) in hexa-)
fluoroisopropanol for 15 min, followed by drying in air of the 

PA-6F-coated Pt/CNF mat. Finally, after heat treatment 

under vacuum at 300 °C for 1 h (PA-6F converts to PBI-6F 

according to [38]), the resulting cathode, Pt/CNF coated by 

PBI-6F, is obtained. A general scheme of the obtaining of 

the initial Ni, Zr-containing composite CNF as well as 

Pt/CNF and PBI-6F/Pt/CNF cathodes is shown in Fig 2.

Fig. 1. s Thermal cyclization of PA-6F with formation of PBI-6F and its

following self-phosphorylation

Fig. 2. A general scheme of the obtaining of Pt, Ni,  Zr-containing composite Pt/CNF 

and PBI-6F/Pt/CNF cathodes
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N2 sorption-desorption isotherms are obtained in a

range 10–3 – 1 bar at 77 K on a 3P Micro 200 Surface

Area and Pore Size Analyzer (3P Instruments, Germany).

The Brunauer–Emmett–Teller (BET) specific surface

area (SSA) is calculated according to the BET equation,

taking into account the Rouquerol criteria [39]. To obtain

SSA, the Langmuir equation is also applied. Micropore

SSA as well as SSA of meso- and macropores are found

by the t-method using the Harkins-Jura equation [40,

41]. The adsorption layer thickness (t) range is 0.43–t

0.65 nm. CO2 sorption-desorption isotherms are ob-

tained in a range 10–3 – 1 bar at 273 K on a 3P Micro 200

Surface Area and Pore Size Analyzer (3P Instruments,

Germany). The specific volume (SV) and SSA values

and pore size distributions (PSD) are found by the non-

local density functional theory (NLDFT) method using

NovaWin, Quantachrome Instruments, version 11.04.

The Dubinin-Radushkevich (DR) method is applied to

find SV also. The saturated vapor pressure of the adsor-

bate (p(( 0) and adsorbed CO2 density are taken as 3.485 MPa

and 1.044 g/cm3, respectively; CO2 cross-sectional area is

taken as 0.210 nm2; the affi nity coefficient � is taken as

0.35 [42].

The structure of the initial composite Zr, Ni- con-

tai ning CNF as well as Pt/CNF and PBI-6F/Pt/CNF is

investigated by transmission electron microscopy (TEM),

scanning transmission electron microscopy with a high-

angle annular dark-field detector (HAADF STEM) and

energy-dispersive X-ray spectroscopy (EDX) elemental XX

mapping using a Thermo Fisher Scientific Osiris (USA) 

equipped with a HAADF detector and Super-X EDX de-

tection system based on Silicon Drift Detector technol-

ogy. Electron microscope images are analyzed using Esprit 

(Esprit 2, USA), TIA (TIA 16, Siemens AG, Germany) 

and Digital Micrograph (GMS 3, USA). The samples are 

ultrasonicated in acetone for 20-30 min to separate fibers,

the obtained suspensions are introduced onto Cu lacey 

carbon grids.

For testing the Pt/CNF and PBI-6F/Pt/CNF catho-

des in HT-PEMFC, the MEAs (working area of 5 cm2) are

prepared. Except the aforementioned cathodes, the HT-

PEMFC MEAs are operated with a typical Celtec®-P 

1000 MEA anode [43] and a PBI-O-PhT membrane (pre-

viously prepared in our group [44–46]). HT-PEMFC op-

eration is carried out at 160, 180 and 200 °C. The MEAs

are tested in a standard testing cell (Arbin Instruments,

USA) with two graphite flow field plates. The anode 

side is supplied with H2 (100 mL/min) obtained by 

electrolysis from a Khimelektronika GVCh-6 hydro-

gen generator (Russia); and the cathode side is supplied 
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Fig. 3. (a) Low-temperature nitrogen sorption-desorption isotherms (77 K) for the CNF sample; (b) the corresponding BET plot; (c) Langmuir plot;

(d)dd t-plott
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with atmospheric air without additional humidification

(1000 mL/min). Electrochemical Instruments P-150X 

Potentiostat-galvanostat (Russia) is used to obtain the po-

larization curves.

Results and Discussion

The electrospinning solution, containing PAN, Vulcan 

XC-72, ZrCl4, Ni(OAc)2 in DMF is electrospun, then the

resulting nanofiber mat is stabilized at 350 °C, impreg-

nated with Zn(NO3)2 solution, dried and pyrolyzed at

1000 °C under vacuum. Since Zn boiling point is 906 °C,

it evaporates providing porous structure to the resulting

carbonized material. Finally, Ni and Zr are present in in a 

CNF mat in a form of Ni0, which improves Pt electrocat-

alytic activity, and ZrOx, which forms zirconium hydro-

gen phosphate with phosphoric acid under HT-PEMFC

MEA operating conditions, as it was shown in our 

previous studies [27]. The resulting composite CNF

mat is carbonized and becomes electrically conductive

(29.86 S/cm) and may be applied as a carbonized support

for Pt nanoparticle electrocatalyst (%C 80.4; %N 2.8;

%H 1.1; %Ni 4.5; %Zr 0.3).

Before deposition of Pt nanoparticles onto CNF mat,

SSA and SV of the obtained composite CNF material

have been investigated by the low-temperature N2 adsorp-

tion (77 K) and CO2 adsorption (273 K). N2 adsorption

isotherm, BET plot, Langmuir plot and t-plot for the low-

temperature N2 adsorption on the composite CNF mate-

rial are shown in Fig. 3.

As found from Fig. 3, the BET SSA value (SBETS ) isTT
133 m2/g. Alternatively, the Langmuir SSA value (SLangS ) gg
is found to be 134 m2/g, which is almost the same as SBETS . TT
In order to differentiate between micropores (D < 2 nm), 

mesopores (D 2–50 nm) and macropores (D D > 50 nm),D

the t-method was employed. Based on the t-plot data, 

the micropore SSA and micropore SV values are cal-

culated to be 36  m2/g and 0.016 cm3/g, correspondingly,

while the SSA value for meso- and macropores is found 

to be 97 m2/g. The total SV is found to be 0.143 cm3/g 

(at p/p// 0 = 0.990) which corresponds to the average pore

size (4V/S) of 4.3 nm. Albeit, this SSA is not especially SS

high, it is sufficient for standard Pt nanoparticle

deposition. A relatively low value of SSA of micro-

pores (36 m2/g) could be related to the inaccessibility of 
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Fig. 4. (a) Carbon dioxide sorption-desorption isotherms (273 K) for the CNF sample; (b) the corresponding DR plot; (c) NLDFT pore size 
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micropores for N2 molecules at low temperature (77 K). 

To overcome these difficulties, the CO2 adsorption was

carried out at 273 K [47]. At 273 K the adsorbate mole-

cules become more mobile and may enter the inaccessible

micropores. CO2 adsorption isotherm, DR plot and NL-

DFT pore-size distribution of micropores is provided in

Fig. 4.

As it follows from the CO2 adsorption data according

to NLDFT method, the SSA and SV values are 265 m2/g 

and 0.080 cm3/g. As follows from the PSD, ultramicro-

pores (D < 0.7 nm) comprise the largest part of micro-D

pores which correspond to SSA of 211 m2/g. The DR SV 

value is 0.119 cm3/g which is a bit higher since different

theoretical approaches are employed for these two meth-

ods, and larger in size micropores are taken into account

in the DR method. Therefore, in addition to easily acces-

sible meso- and micropores, the sample also contains a

system of relatively closed micropores which are difficult

to access.

Initial CNF material (before Pt deposition), Pt/CNF

and PBI-6F/Pt/CNF are investigated by electron micro-

scopy; HAADF STEM images, elemental map distribu-

tions and EDX spectra were also obtained (Figs. 5, 6)
As can be seen from Fig. 5, Ni presents in two forms,

small uniformly distributed nanoparticles and large sphe-

rical nanoparticles up to 35 nm in diameter. It can be 

observed that graphitized carbon layers are located in areas

around Ni nanoparticles. For samples with deposited Pt, 

it is seen that Pt nanoparticles are uniformly distributed

throughout nanofiber’s surface according to the Pt distri-

bution map (Fig. 6).
Pt nanoparticles exhibit spherical and needle-like (up

to 20 nm in length) morphologies, as well as a mixture of 

these two morphologies changing in shape from one to 

another. Applying a self-phosphorylating PA-6F coating

to the surface of Pt/CNF, followed by thermal treatment 

at 300 °C, results in the conversion of the material into

PBI-6F, as previously explained, and the formation of a 

PBI-6F coating on the surface of Pt/CNF. The elemental 

distribution maps for F (Fig. 6) confirm the uniform dis-

tribution of F (and therefore of the PBI-6F coating) across 

the surface, which may lead to higher proton-conducting 

Fig. 5. The TEM images for composite CNF material (a, b); Pt/CNF 

(c, d); and PBI-6F/Pt/CNF (e, f) taken with higher (b, d, f) and ff
lower (a, c, e) magnification

Fig. 6. EDX spectra with insertions of HAADF STEM images with elemental 

maps for composite CNF (top); Pt/CNF (center); and PBI-6F/Pt/CNF 

(bottom)
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contacts and HT-PEM FC performance. Uniform distri-

bution of F and Pt allows to employ this composite ma-

terial as an HT-PEMFC cathode. The electrochemically 

active specific surface area values of Pt for Pt/CNF, un-

covered and covered by the PBI-6F self-phosphorylating

coating, are found to be 15–17 m2/gPt which is satisfac-

tory to apply them in the HT-PEM FC MEA. The perfor-

mance of the HT-PEMFC was analyzed for MEAs which 

contained the PBI-O-PhT membrane, Celtec®P1000

anode, and PBI-6F-coated and uncoated composite Pt/

CNF cathodes, at 160–200 °C based on polarization curve 

and power density curve data (Fig. 7).
As can be seen from Fig. 7a, the MEA with the ob-

tained PBI-6F/Pt/CNF cathode have an advantage over 

the non-coated one. At 180 °C, the maximum power 

density was increased to 294 mW/cm2 at 0.95 A/cm2 in 

the case of the PBI-6F-coated cathode compared with

239 mW/cm2 at 0.82 A/cm2 which is ~20 % higher than

in the case of the uncoated cathode. Also, the maxi-

mum power density is achieved at higher current densi-

ties. Polarization curve shows higher voltage values in the

case of the PBI-6F coated cathode compared with the

case of the uncoated one (477 vs. 457 mV) at 0.4 A/cm2. 

Temperature dependence of MEA performance is shown 

in Fig. 7b. The polarization and power density curves were 

recorded at 160, 180 and 200 °C. The voltage values at 

0.4 A/cm2 are increasing with temperature increase

458 mV (160 °C), 477 mV (180 °C), and 510 mV (200 °C).

The maximum power densities become higher with the

temperature increase and appear at higher current densi-

ties 248 mW/cm2 at 0.83 A/cm2 (160 °C), 294 mW/cm2

at 0.95 A/cm2 (180 °C), and 319 mW/cm2 at 1.01 A/cm2

(200 °C). The improved MEA performance is explained

by two factors. The higher voltage and power density 

values, as well as the higher current densities achieved, 

can be attributed to better proton-conducting contacts

between the proton-conducting membrane and GDE,

which are facilitated by the self-phosphorylating PBI-

6F coating. Additionally, the partial elimination of mass 

transfer of the reagents at higher current densities is due to

the hydrophobic properties imparted to the PBI-6F coat-

ing by CF3-groups which help to organize gas channels in

the electrode better. 

Conclusions

The improvement of HT-PEMFC MEA performance 

is achieved by modifying the Ni, Zr-containing compos-

ite Pt/CNF cathode surface by the self-phosphorylating

polybenzimidazole-type (PBI-6F) coating compared with

the case of the non-modified Pt/CNF cathode. Higher 

performance was reached due to better proton-conduct-

ing contacts between the proton-conducting membrane

and gas-diffusion cathode. Another advantage of the

PBI-6F coating is related to mass transfer facilitation

due to better organization of gas channels in the carbon

nanofiber cathode because of the hydrophobic proper-

ties imparted to the PBI-6F coating by the CF3-groups.

The improvement in proton conductivity resulting from 

the substitution of OMe-groups, better contacts between

the gas diffusion electrode and the polymer-electrolyte

membrane, and improved gas channel organization due 

to the hydrophobic CF3-groups have a significant impact 

on enhancing the triple-phase boundary, providing ~20%

increase in maximum power density for the HT-PEM FC

performance.
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Fig. 7. (a) Polarization and power density curves (forwa rd and reverse)
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