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hermal treatment influence on Pt-
decorated electrospun carbon nanofiber
electrocatalysts†

Igor I. Ponomarev, *a Olga M. Zhigalina,bc Kirill M. Skupov, a

Alexander D. Modestov,d Victoria G. Basu, b Alena E. Sufiyanova,bc

Ivan I. Ponomareva and Dmitry Y. Razorenov a

Crystalline platinum nanoparticles supported on carbon nanofibers were synthesized for use as an

electrocatalyst for polymer electrolyte membrane fuel cells. The nanofibers were prepared by a method

of electrospinning from polymer solution with subsequent pyrolysis. Pt nanoneedles supported on

polyacrylonitrile pyrolyzed electrospun nanofibers were synthesized by chemical reduction of H2[PtCl6]

in aqueous solution. The synthesized electrocatalysts were investigated using scanning, high resolution

transmission and scanning transmission electron microscopies, EDX analysis and electron diffraction. The

shape and the size of the electrocatalyst crystal Pt nanoparticles were controled and found to depend

on the method of H2[PtCl6] reduction type and on conditions of subsequent thermal treatment. Soft Pt

reduction by formic acid followed by 100 �C thermal treatment produced needle-shape Pt nanoparticles

with a needle length up to 25 nm and diameter up to 5 nm. Thermal treatment of these nanoparticles at

500 �C resulted in partial sintering of the Pt needles. When formic acid was added after 24 h from the

beginning of platinization, Pt reduction resulted in small-size spherical Pt nanoparticle of less than 10 nm

in diameter. Reduction of H2[PtCl6], preadsorbed on electrospun nanofibers in formic acid with further

treatment in H2 flow at 500 �C, resulted in intensive sintering of platinum particles, with formation of

conglomerates of 50 nm in size, however, individual particles still retain a size of less than 10 nm.

Electrochemically active surface area (ECSA) of Pt/C catalyst was measured by electrochemical hydrogen

adsorption/desorption measurements in 0.5 M H2SO4. ECSA of needle-shape Pt nanoparticles was 25 m2

g�1. It increased up to 31 m2 g�1 after thermal treatment at 500 �C, likely, due to amorphous structures

removal from carbon nanofibers and retaining of Pt nanoneedle morphology. ECSA of small-size

spherical Pt nanoparticles was 26 m2 g�1. Further thermal treatment at 500 �C in vacuum decreased

ECSA down to 20 m2 g�1 due to Pt sintering and Pt active sites deactivation. The thermal treatment of

small-size spherical Pt nanoparticles in H2 flow at 500 �C produced agglomerates of Pt nanoparticles

with ECSA of 14 m2 g�1.
Introduction

Polymer electrolyte membrane fuel cells (or proton exchange
membrane fuel cells (PEM FC)) are an important and
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progressive part of the FC industry.1–5 Further development of
polymer membrane FCs depends on nding new functional
materials as they require a durability increase of the membrane-
electrode assembly (MEA), containing essential parts such as
electrodes and membranes.1,6,7 Despite current PEM FC appli-
cations in micro-combined heat and power (mCHP) systems8

and auxiliary power units9 (APU), an increase of durability of the
electrodes for PEM FC is an important challenge for further
development of given area of hydrogen energy studies.10–14 Most
of commercial electrodes are based on carbon black which
degrades under acidic fuel cell operation conditions, especially
at high temperatures.1,10,14 Many carbon nanostructured mate-
rials e.g. carbon nanobers (CNF) are known as more durable
materials compared to carbon black,15–18 and their application
as metal-electrocatalyst support in the FC electrode may resolve
one of the main FC problems related to the durability issues.
This journal is © The Royal Society of Chemistry 2019
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Pyrolyzed electrospun nanober materials with deposited Pt
electrocatalyst correspond to the aim to increase durability of
PEM FC electrodes, however, their electrocatalytic properties
may substantially vary with thermal treatment at different
conditions. It is known that the heat treatment of Pt electro-
catalyst on carbon support may induce a more uniform Pt
distribution resulting in well-dened cubo-octahedron crystal-
lites compared with starting irregular Pt.19 Also, heat treatment
at 400–550 �C lead to the highest increase in platinum crystal-
linity, at the same time, improving platinum particle-size
distribution.20 The understanding of post-platinization
thermal treatment effect on Pt electrocatalyst properties
would lead to optimization and better performance of electro-
chemical power sources.

Electrospinning is a method which allows producing poly-
mer nanobers from polymer solutions, for example, poly-
acrylonitrile (PAN) solution.21–23 Then, microporous CNFs are
obtained aer carbonization (pyrolysis).24 Earlier, we have
shown that electrospun CNFs (PAN, or polyheteroarylene
based)25–28 are suitable for being a support for Pt nanoparticle
electrocatalyst in polymer membrane fuel cell tests29–34 with
a shown possible use of polybenzimidazole-type33,35 and other
polyheteroarylene36,37 membranes for fuel cells. Our approach
allows to uniformly introduce Ni0 and ZrOx into carbon nano-
bers using electrospinning method, which is important for
electrochemical applications.25,29 Similar Ni, Co and Zn intro-
duction into CNF by electrospinning was also reported and
conrmed.38,39 However, further studies are required as fuel cell
performance strongly depend on variations in Pt/CNF prepara-
tion and post-preparation treatment which strongly inuences
its morphology. To understand the Pt/CNF preparation effect on
fuel cell performance it is important to observe the inuence of
the Pt/CNF preparation method on the appearance of Pt nano-
particles and CNF in the electrode. Evidently, different Pt/CNF
morphology leads to different platinum electrochemically
active surface area (ECSA) which is a fundamental measure of
Pt-electrocatalyst performance for many electrochemical power
sources.

In the current study we present the inuence of Pt deposition
parameters and post-deposition thermal treatment inuence on
Pt/CNF morphology and Pt electrochemically active surface
area.

Experimental
Pt-decorated carbon nanober electrocatalyst preparation

Electrospinning. The industrial high-molecular (Mw 150
kDa) polyacrylonitrile (PAN) was used for carbon nanober
paper fabrication. 100 g of 7% wt DMF solution of PAN polymer
and 0.57 g of carbon black Vulcan® XC72 were sonicated in an
ultrasonic bath at 50 �C for 4 h. A solution of 0.35 g nickel(II)
acetate tetrahydrate (Ni(OAc)2$4H2O) in 2mL of DMF wasmixed
with 0.018 g zirconium(IV) chloride (ZrCl4) in 1 mL of DMF,
then, sonicated in ultrasonic bath at 50 �C to introduce Zr and
Ni into nal carbonized material (potentially, as a rule, Ni0

helps graphitization during pyrolysis step,25 and ZrOx is prone
to improve proton conductivity due to zirconium
This journal is © The Royal Society of Chemistry 2019
hydrophosphate formation during fuel cell operation time29). A
process of the electrospinning was conducted using Elmarco
Nanospider™ NS LAB (Czech Republic). The electrospinning
was carried out at 26 �C, at relative humidity of 28%, distance
between the electrodes of 190 mm, linear carrier velocity of
3 mm s�1 and carriage velocity of 300 mm s�1, at 75 kV and 0.06
mA.

Stabilization and carbonization. Nanober mat with
a thickness of 10–100 mm and nanober diameter of 150–
300 nm was treated by oxidative (stabilizing) heating at 350 �C
in air. Stabilized materials were carbonized on a pyrolysis step
under vacuum (10�5 Torr) at 1000 �C for 2 h at 3 �C min�1

heating rate resulting carbon nanober paper. Electrospun
polyacrylonitrile (PAN) nanobers were annealed to achieve
partial graphitization and to increase their electrical conduc-
tivity and strength properties. The resulting CNF is in a form of
entire mat and may be used as an FC gas-diffusion electrode
(GDE) aer electrocatalyst nanoparticle deposition. Elemental
composition of the resulted material as determined by
elemental analysis (based on atomic absorption spectroscopy)
was C 85.29%, N 1.85%, Ni 5.95%, Zr 1.2%.

Platinum deposition and post-treatment. Platinum nano-
particle deposition on the CNF based materials was conducted
in hexachloroplatinic acid (H2[PtCl6]) aqueous solutions. For
samples 1–4, square (2.6 � 2.6 cm) CNF sample was introduced
into 20 mL aqueous solution with 21.5 mg (15.6 mmol) of added
H2[PtCl6]$6H2O and 0.5 g (10.9 mmol) of formic acid (HCOOH)
used as a reducing agent, and le overnight at room tempera-
ture. The resulting sample (aer drying at 100 �C under
vacuum) was divided into 4 equal parts and treated at different
thermal conditions. For samples 1–3, platinized CNF based
materials were treated at 100, 300 and 500 �C under vacuum
subsequently. Sample 4 was treated at 500 �C under ow of dry
hydrogen. For samples 5–8, (aer drying at 100 �C under
vacuum) square (2.6� 2.6 cm) CNF sample was introduced into
20 mL aqueous solution with 21.5 mg (15.6 mmol) of added
H2[PtCl6]$6H2O. Aer 24 h, 0.5 g (10.9 mmol) of formic acid
(HCOOH) was added as a reducing agent and le overnight at
room temperature. The resulting sample Pt/CNF was divided
into 4 equal parts and treated at different thermal conditions.
For samples 5–7, Pt/CNF based materials were treated at 100,
300 and 500 �C under vacuum subsequently. Sample 8 was
treated at 500 �C under ow of dry hydrogen. Samples 1 and 5
(treated at 100 �C) were considered as reference samples.
Elemental composition of platinized material for samples 1–4
was Pt 28.2%, C 61.2%, N 1.3%, Ni 4.3%, Zr 0.9%. For samples
5–8, Pt 27.8%, C 61.6%, N 1.4%, Ni 4.3%, Zr 0.9%.
Electron microscopy studies

Structural analysis was performed by transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), scanning transmission electron micros-
copy (STEM), electron diffraction, and energy-dispersive anal-
ysis (EDA), using FEI Tecnai Osiris microscope equipped with
high-angle annular dark eld detector (HAADF) at accelerating
voltage of 200 kV, respectively. Elemental analysis and mapping
RSC Adv., 2019, 9, 27406–27418 | 27407

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05910e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 2
:1

3:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were carried out using a special Super XEDS system (including
four silicon Bruker detectors), whose design provides rapid
(several minutes) acquisition of large-area elemental maps. For
electron microscopy structural investigations, the samples of
carbon nanober paper were dispersed in acetone using ultra-
sonic bath for 5–30 min to get single bers. The suspension
obtained was dropped onto Cu lacey carbon grids.

XRD studies

X-Ray analysis of the samples was carried out using Co Ka
radiation. The qualitative phase analysis was performed in the
range of diffraction angles 2q 30–130� with a step of D2q 0.07�

and exposure at the point s 1.5 s. The following slit system was
used during the experiment: a motorized 1 mm slit for the X-ray
source, Soller gap with a distance of 2.5 mm between the plates
for the X-ray source and detector. To determine the Pt and Ni
crystal lattice parameters, Pt (311), Pt (222), Ni (220) and Ni (311)
reections were chosen (2q step 0.02�, exposure 2 s); the gap in
the X-ray source was reduced to 0.25 mm. Each reection was
shot 3 times with the sample reinstalled. Since the diffraction
peaks have a large width, the error in determining the crystal
lattice parameters is �0.001 Å.

Cyclic voltammetry

Evaluation of the electrochemically active surface area (ECSA) of
platinum in the synthesized electrocatalysts was performed at
room temperature in a three-electrode cell with separated
compartments by electrochemical hydrogen adsorption/
desorption measurements.40,41 Measurements of the electro-
chemical hydrogen underpotential deposition is a popular
approach to assess the ECSA for pure and alloyed Pt catalysts.
Hydrogen atoms at Pt surface are produced by electrochemical
reduction of protons from aqueous electrolyte. The number of
surface atoms at polycrystalline Pt is evaluated from the charge
associated with oxidation of adsorbed hydrogen in the potential
range 0 to �0.4 V versus reversible hydrogen electrode, using the
stoichiometry of one adsorbed H atom per single surface Pt atom.
The electrochemical cell was lled with 0.5 M H2SO4. Pt wire and
Ag/AgCl-saturated KCl (0.2 V vs. standard hydrogen electrode
(SHE)) were used as a counter and reference electrodes, respec-
tively. The potential readings are given versus SHE. The working
electrode was a polished graphite disk with a diameter of 1.6 cm2

in a polytetrauoroethylene (PTFE) holder. The disk electrode
surface was coated by the studied catalyst by the repeated placing
parts of the electrocatalyst ink with intermediate drying at 60 �C.
Catalyst inks were prepared by dispersing 2–3 mg of a catalyst Pt/
CNF ultrasonically in 0.4 mL of aqueous solution containing
0.2 mL of isopropanol and 0.01 mL of 5 wt% Naon solution. 100
mL of the ink was dispersed onto the surface of the disk electrode.
The voltammograms were recorded at 50 mV s�1 potential scan
rate. The potential was cycled until a stable voltammogram was
obtained. Usually it took less than 50 cycles for the voltammogram
stabilization. The ECSA was evaluated by integration of the
hydrogen adsorption/desorption areas of the cyclic voltammo-
grams (CV), assuming 0.21 mC cmPt

�2. The capacitance of the
double layer that was formed at the electrode/electrolyte interface
27408 | RSC Adv., 2019, 9, 27406–27418
was taken into account. On the voltammograms, the current
readings are normalized per unit of Pt loading at the graphite disk
electrode.
Results and discussion

Different thermal treatment of Pt/CNF materials is expected to
change platinummorphology. As a result, treatedmaterials may
differ in their functional properties, which opens the door to
obtain materials with predictable properties. For example,
different Pt morphology affects FC performance when used as
electrocatalyst. Cyclic voltammetry (CV) provides a way to nd
platinum ECSA. The rate of the oxygen reduction at different
modied Pt catalysts is usually related per Pt ECSA in the
particular catalyst. Pt morphology, revealed by electron
microscopy might be related with ECSA obtained by CV and
parameters of Pt/CNF treatment. The data for ECSA for different
samples and cyclic voltammograms for samples 1, 3, 5 and 7 are
presented on Table 1 and Fig. 1. The shape of the voltammo-
grams in the potential region of hydrogen adsorption/
desorption slightly deviates from that of pure polycrystalline
Pt40,41 apparently due to possible formation of alloys with Ni on
the Pt–Ni surface contact.
Nanoneedle platinum

Sample 1 which was obtained by platinization with immediate
formic acid addition and further treatment at 100 �C, shows
ECSA of 24.5 m2 g�1. Fig. 2 shows TEM images and the corre-
sponding electron diffraction patterns characterizing the ber
structure and the morphology of the Pt coating (particles). One
can see a change in the morphology of some ber fragments
caused by the introduction of Vulcan® carbon black in order to
increase a surface area of the bers (Fig. 2a and S1a see ESI†).
Platinum particles demonstrate a needle shape (Fig. 2b), the
diameter and length of needles are up to 5 and 25 nm, respec-
tively. Particles are located mainly in the surface layer of bers,
and some of them are oriented at an angle to the bers' axis.
Some particles have a spherical shape and a size of several nm,
or represent splices (Fig. 2c).

The TEM images clearly show a porous structure of the bers
formed by the loops of graphene planes that arise during the
annealing process, as described in ref. 25. Some particles form
necklaces. A ring diffraction pattern (Fig. 2d) indicates the
presence of small Pt particles and the formation of crystalline
layers in the nanober's body.

When the sample was treated at 300 �C the ECSA decreased
to 18 m2 g�1, probably, due to some degradation of Pt nano-
particles. At the same time, morphology does not change
signicantly. The morphology of platinum varies slightly: fewer
areas with needle-like Pt particles, with a small part of particles
having a size of about 1 nm. The diffraction pattern (Fig. 2e)
indicates a local preferred orientation of the crystal layers in the
body of the bers, as well as a slight increase in size of platinum
crystals. Individual bright reexes correspond to nickel particles
present in the sample.29
This journal is © The Royal Society of Chemistry 2019
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Table 1 ECSA values for samples 1–8

Sample, immediate HCOOH addition Thermal treatment conditions ECSA, m2 g�1

1 100 �C, vacuum 24.5
2 300 �C, vacuum 18.0
3 500 �C, vacuum 30.7
4 500 �C, H2 ow 4.7

Sample, HCOOH addition aer 24 h Thermal treatment conditions ECSA, m2 g�1

5 100 �C, vacuum 25.6
6 300 �C, vacuum 28.9
7 500 �C, vacuum 19.8
8 500 �C, H2 ow 14.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 2
:1

3:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Further treatment at 500 �C leads to partial sintering, but the
ECSA surprisingly increased up to 31 m2 g�1. It might be related
with Pt activation by thermal treatment, at the same time,
visibly, the morphology is changed but Pt-needles are still
preserved. Also, heat treatment at 400–550 �C lead to the
highest increase in platinum crystallinity, at the same time,
improving platinum particle-size distribution, which may
explain higher ECSA. An increase of thermal treatment
temperature up to 500 �C also leads to a signicant change in
the structure of platinum coating. Fig. 3 shows the images of
three bers with different morphology of platinum particles. In
the rst case (Fig. 3a), one can see a preservation of the needle
structure of platinum and, at the same time, a sintering of
particles on the ber surface. In the second case (Fig. 3b), only
Fig. 1 Cyclic voltammograms for samples 1, 2, 5 and 7.

This journal is © The Royal Society of Chemistry 2019
a dense “crust” of the particles sintered during the annealing is
present (the arrows indicate clear contours, indicating the
formation of a continuous “crust” on the ber surface). In
Fig. 3c, there is a fragment of a ber with non-sintered Pt
particles. In general, the particles are of equilibrium shape,
different sizes and do not form a continuous cover on the ber
surface. Apparently, a solid “crust” forms in places where the
coating is thick, and separate particles remain in places
depleted in platinum. In the diffraction pattern (Fig. 3d), one
can observe the fragmentation effect for rings corresponding to
platinum, which is caused by partial platinum nanoparticle
recrystallization and increase in size.

Comparison of TEM images for samples 1 and 3 is shown on
Fig. 4. For sample 1 (heat-treatment at 100 �C), amorphous
RSC Adv., 2019, 9, 27406–27418 | 27409
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structures are observed on the surface of carbon nanobers (a
and b). For sample 3 (heat-treatment at 500 �C), carbon nanober
surface and electrocatalyst metal nanoparticle surface are free of
the amorphous structures (c and d). So that, aer treatment at
500 �C, the amorphous structures completely disappear. It leads
to cleaner surface, better accessibility of the electrocatalyst and
Fig. 2 Structure of 1: (a) a change in morphology of some areas caused b
surface covered with Pt needles; (c) porous structure of the fibers form
pattern for 2.

27410 | RSC Adv., 2019, 9, 27406–27418
higher ECSA value. At the same time, the needle microstructure
of platinum is preserved, and deactivation of the electrocatalyst
active sites due to partial sintering does not happen. These effects
affect ECSA and explain its increase for sample 3.

Thermal treatment of the sample at 500 �C in a ow of dry H2

leads to sintering and decrease of ECSA to 4.7 m2 g�1 with total
y introduction of Vulcan® XC-72 carbon black; (b) TEM image of a fiber
ed by the loops of graphene planes; (d) SAED pattern for 1. (e) SAED

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of fibers with different morphology of platinum nanoparticles (sample 3): (a) a needle structure of Pt and sintering of Pt
particles; (b) a“crust” of the particles sintered during annealing (the arrows indicate clear contours, indicating the formation of a continuous
“crust” on the fiber surface); (c) fragment of a fiber with non-sintered Pt particles; (d) corresponding SAED pattern for (b).
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loss of Pt-needles. Treatment at 500 �C in a stream of dry
hydrogen was carried out to study the effect of a harder treat-
ment (compared to so reduction by formic acid only). At the
Fig. 4 Amorphous structures on the surface of carbon nanofibers for s
nanoparticle surface, free of the amorphous structures for sample 3 (c a

This journal is © The Royal Society of Chemistry 2019
same time, the structural processes noted for the previous
sample develop noticeably. In Fig. 5–7 and S2 (see ESI†) one can
see a fragment of a ber with a typical structure where the
ample 1 (a and b). Carbon nanofiber surface and electrocatalyst metal
nd d).

RSC Adv., 2019, 9, 27406–27418 | 27411
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Fig. 5 Structure of 4: (a) Detailed HREM image of Pt crystals; (b) SAED pattern; (c) HREM image of Pt faceted crystals.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 2
:1

3:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
process of sintering and enlargement of platinum particles is
more intensive. At the same time, faceted crystals up to 20–
30 nm in size are formed on the surface of the bers. Some of
them demonstrate an equiaxial shape (Fig. 5a and b), others are
oriented with the long side along the axis of the nanober
(Fig. 5c). Comparison and analysis in the HAADF STEM image
and EDX mapping allow us to conclude the correlation in the
locations of Pt, O and Zr (Fig. 5 and 6). It may indicate on
formation of ZrOx. Earlier we have demonstrated by XPS the
absence of platinum oxide on similar materials.29 At the
elemental maps at higher magnication (Fig. 7), with arrows,
which indicate places where a correlation in the location of
platinum and oxygen is visible. One can see, that small particles
of zirconium oxide are visible. Overlay maps, especially Zr–Pt–O,
in addition to individual ones demonstrate the correlation too.
Spherical nanoparticle platinum

Very different data was obtained when formic acid (HCOOH)
addition was delayed by 24 h aer the beginning of
27412 | RSC Adv., 2019, 9, 27406–27418
platinization. Sample 5 (100 �C treatment) is similar to 1 by
ECSA (25.6 m2 g�1), at the same time, Pt morphology is
completely different (Fig. 8). No Pt-needles are observed. But
small size spherical Pt nanoparticles of less than 10 nm could
be seen only. It may be explained by the fact that no Pt reduction
was observed during rst 24 h, but H2[PtCl6] solution pene-
trated into the pores and adsorbed on the surface much better.
When a reducing agent was added, the adsorbed [PtCl6]

2�

nucleated into spherical particles.
Further treatment at 300 �C (sample 6) does not change

signicantly neither morphology, nor ECSA (28.9 m2 g�1),
however, slight sintering and increasing in particle size are
observed on Fig. 9.

Thermal treatment at 500 �C (sample 7) leads to drastic
changes in Pt morphology with sintering of Pt-nanoparticles
(Fig. S3a and b, see ESI†) and lowering of the ECSA value (20
m2 g�1).

Opposite to sample 3, in the case of sample 7, 500 �C treat-
ment does not lead to ECSA increase, but instead, the ECSA
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 HAADF STEM image for 4 (a) and EDX mapping for Pt (b), O (c) and Zr (d).
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value is decreased. It can be explained by higher stability of Pt
nanoneedles, and much lower stability of small spherical Pt-
nanoparticles toward thermal treatment. The rings in the
diffraction pattern (Fig. S3c, see ESI†) turn into groups of
reexes, which indicates an increase in size of platinum nano-
crystals and deactivation of the electrocatalyst active sites. So
that, despite the cleaning effect which happens at 500 �C
leading to disappearance of the amorphous structures and
better accessibility of the electrocatalyst, platinum small size
Fig. 7 HAADF STEM image at higher scale for 4.

This journal is © The Royal Society of Chemistry 2019
spherical microstructure is not preserved and sufficient sinter-
ing and particle size increase are observed. It is related to lower
stability of 10 nm platinum sphere crystal structure to 500 �C
treatment, and explains Pt ECSA value decrease compared to the
case of nanoneedle platinum microstructure. So that, for small-
size spherical microstructure of Pt, the sintering effect over-
comes the cleaning effect, and Pt ECSA decreases.

Thermal treatment at 500 �C (sample 8) in a ow of dry
hydrogen leads to further decrease of ESCA value to 14.2 m2 g�1
RSC Adv., 2019, 9, 27406–27418 | 27413
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Fig. 8 Structure of 5: (a) TEM image of the top of the fiber; (b) enlarged image of a selected part of (a).
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and further degradation of Pt nanoparticles (Fig. 10). Fig. 10a
shows a fragment of a ber with sintered particles well xed on
its surface, individual particles still retain sizes less than 10 nm
(Fig. 10b). In addition to individual large particles, one can
observe conglomerates with a size of up to 50 nm, which form
a continuous cover on the surface of the laments (Fig. S4a, see
ESI†) Fig. S4b† demonstrates large faceted particles in size up to
20 nm.
Fig. 9 Structure of 6: (a) TEM image of the fiber; (b) enlarged image of

27414 | RSC Adv., 2019, 9, 27406–27418
During pyrolysis step, initial polymer nanobers crystallize
forming CNF with sets of parallel straight graphene layers, as it
was shown in our previous studies.25 In the given study, the
nanobers are pyrolyzed at 1000 �C and are already partially
crystallized. These CNF contain pores which are made by sets of
parallel straight graphene layers. These pores are different in
size, Fig. S5 (see ESI†) shows nanober parts with large and
small pores aer heat-treatment at 100 �C in the absence of
platinum.
slightly sintered Pt nanoparticles.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Structure of 8: (a) TEM image of a fiber; (b) smaller nanoparticles.
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Heat-treatment of platinized CNF at 500 �C is able to
introduce sufficient changes in nanober microstructure.
For example, aer 100 �C treatment (sample 5), pores which
are made by sets of parallel straight graphene layers, located
on the edge of platinized carbon nanober are clearly seen
(Fig. S6†). Aer 500 �C treatment (sample 8), the number of
pores decreases and the number of layers in graphene sets
increases (Fig. S7†). At the same time, the increased in
size particles ll the pores, which decrease accessibility of
the electrocatalyst and decreases Pt ECSA value. The
particles heavily conglomerate, so that, electrocatalyst
surface is decreasing (sample 8) aer hydrogen treatment at
500 �C.

Earlier detailed studies25 of platinum nanoparticles show
microfacet formation with a height comparable with
a distance between atoms. These steps (microfacets) and
higher surface area correspondingly due to small particle
size correlate with higher ECSA value. Sintering of nano-
particles leads to microfacet disappearance which decreases
Pt ECSA.
XRD analysis

Taking into account a fact that the samples with platinum
coating were exposed to high-temperature thermal treatment,
platinum crystal lattice parameter was measured to determine
a possibility of platinum interaction with nickel. Fig. 11a and
b show the diffraction patterns of samples 1 and 3 aer heating
at different temperatures.
This journal is © The Royal Society of Chemistry 2019
In both diffraction patterns for samples 1 and 3, in addition
to C (002) reection, the diffraction peak maxima from face-
centered cubic Pt and Ni crystal lattices were recorded. It is
noteworthy that aer thermal treatment at higher temperature
of 500 �C (3), the broadening of the diffraction peaks of Pt
decreases noticeably, and the amount of Ni, which is esti-
mated from the relative intensity of its diffraction peaks,
decreases. Fig. S10 (see ESI†) show the diffraction patterns of
samples 6, 7 and 8 aer thermally treated at different
temperatures and in different media. For diffraction patterns
for samples 6, 7 and 8 the same peaks are recorded. Peak
broadening is also decreasing by increasing the heating
temperature. The decrease does not depend on the medium.
Table 2 shows Pt and Ni crystal lattice parameters obtained
from XRD calculations.

It can be seen from Table 2 that by increasing the heating
temperature, Pt crystal lattice parameter decreases, but the
Ni crystal lattice parameter increases. Both Pt and Ni crystal
lattice parameters decrease when heated at 500 �C under
hydrogen ow (7) compared to the values when heated at
500 �C under vacuum (8). Pt and Ni lattice parameters
are higher for 3 than for 7 when heated to 500 �C under
vacuum.

Considering the dependence of Pt–Ni solid solution lattice
parameter fromNi content to be very close to linear,42,43 and also
taking into account lattice parameter values for pure plat-
inum44,45 and nickel45,46 metals, the maximal amount of Ni in Pt
lattice during the thermal treatment can be estimated.
RSC Adv., 2019, 9, 27406–27418 | 27415
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Fig. 11 XRD diffraction patterns of 1 (a) and 3 (b).

Table 2 Pt and Ni crystal lattice parameters aPt and aNi for different
samples

Sample aPt, Å aNi, Å

1 3.923 3.518
3 3.916 3.526
6 3.918 3.520
7 3.915 3.524
8 3.913 3.521
Pure Pt 3.924 —
Pure Ni — 3.524
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The calculation indicates that the maximal amount of Ni in
Pt lattice is up to only 2.8%. As Ni nanoparticles in initial CNF
play role of seeds for Pt deposition, we assume that Pt
completely covers Ni nanoparticle and form a needle in the case
of needle-like Pt morphology (Fig. S13, see ESI†). In this case,
27416 | RSC Adv., 2019, 9, 27406–27418
considering quite low value of Ni calculated Ni content in Pt, an
alloy forms only at the contact surface between nickel and
platinum, and almost is not formed in the rest of Pt
nanoparticle.
Conclusions

Nanocrystal platinum particle decorated electrospun carbon
nanobers were constructed by the electrospinning of poly-
acrylonitrile, platinization and modication by thermal
treatment at different temperatures under vacuum or
hydrogen ow. Platinum crystal nanostructures can be engi-
neered by varying Pt reduction procedure, thermal treatment
temperature and medium of thermal treatment. It was found
that 300 �C thermal treatments almost do not change Pt
morphology compared to 100 �C ones. At the same time,
500 �C thermal treatment only slightly affects Pt nanoneedle
morphology and leads to Pt ECSA increase for the case when
HCOOH was added immediately on platinization step. The
increase of Pt ECSA value is probably related to disappearance
of the amorphous structures on CNF which may partially cover
the electrocatalyst with saving of nanoneedle Pt crystal struc-
tures aer treatment. Spherical-like Pt nanoparticles (for
HCOOH addition aer 24 h from the beginning of platiniza-
tion) degrade by 500 �C thermal treatment and deactivates Pt
active sites leading to ECSA decrease due to serious sintering
of spherical-like Pt nanoparticles. The presented data allows
to conclude the possibility of platinum nanocrystal
morphology control depending on Pt deposition procedure
and further treatment. So that, the thermal treatment at
500 �C under vacuum of the nanoneedle form of platinum
(obtained by immediate HCOOH addition) is found to be
optimal platinum deposition procedure and thermal treat-
ment conditions to obtain the electrocatalyst with highest
ECSA. Present investigation of nanocrystalline platinum
behavior deposited on carbon nanobers shows one of the
possible ways to design electrocatalysts and to improve
performances of gas-diffusion electrodes for polymer electro-
lyte membrane fuel cells.
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