Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 15

Received 22nd March 2015,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Journal of Materials Chemistry A

Effects of structural disorder and nitrogen content on oxygen reduction
activity of polyvinylpyrrolidone-derived multi-doped carbon

Raghunandan Sharma?® Kamal K. Kar®"

Multi-doped carbons, with high N-content (~11 wt.%, bulk) and presence of C- and N- bound O/Co
were synthesized by pyrolysis of polyvinylpyrrolidone (PVP) and cobalt nitrate (Co(NOs),.6H,0)
mixture at various temperatures (T,) ranging from 400 to 800 °C. To study the effects of surface
modification on the oxygen reduction reaction (ORR) activity, doped carbon (CN,) samples were
further acid-treated with nitric acid (HNOs). Structural characterizations by Raman spectroscopy
and X-ray diffraction reveal an amorphous phase of carbon for T, of 400 to 700 °C, and a partially
graphitic structure for T, of 800 °C. Electrocatalytic performance of as-synthesized and acid-
treated CN, determined by linear sweep as well as cyclic voltammetry in 0.1 mol L™ KOH
electrolyte reveal significant catalytic activities with an ORR onset potential of -144 mV (vs
Ag/AgCl), as compared to -210 mV of Pt electrode under similar conditions. Correlations between
the electrochemical parameters and the structural parameters such as degree of disorder and N-
content suggest high electrocatalytic activity for CN, with low disorder and high N-content. In
addition to high ORR activity, the CN, samples synthesized at lower T, also exhibit catalytic activity
for methanol oxidation, which makes them suitable catalyst support for direct methanol fuel cells.

INTRODUCTION

Oxygen reduction reaction (ORR), a sluggish yet
important reaction in the electrochemical energy
conversion devices (alkaline fuel cells, polymer

electrolyte membrane fuel cells, etc.), is conventionally
catalyzed by Pt-nanoparticles supported on high
surface area carbon materials. Despite their best till-
date performance in terms of catalytic activity and
stability, Pt-based ORR-catalysts are still inappropriate
in large-scale applications due to the high cost, scarcity
and carbon monoxide poisoning of Pt. Considerable
efforts aiming to develop a cost effective substitute of
the Pt-based ORR-catalysts are being made during the
last few decades.

Since the first demonstration of the electrocatalytic
activity of transition metal doped porphyrins and
phthalocyanines by Jasinski,' various metal-free and
non-precious metal (NPM)-based catalysts such as N-
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doped® * and S- and N-codoped® ® porous carbons, N
doped carbon nanotubes (CNTs)®’, graphene (N-doped
graphene®®®, B-doped graphene’, B-and N-codoped
graphene® S- and N-codoped graphene®), and NPM-
based catalysts derived from transition metal-
macrocycles, electroconductive polymers,’®* etc. have
been demonstrated as the Pt-free ORR electrocatalysts.
Catalytic activity of the metal-free catalysts stems from
the presence of heteroatoms in the carbon network,
which form the ORR active sites by imparting positive
charge on the surrounding carbon atoms.® %! Although
the true nature of the catalytically active sites in doped
carbon (CN,) electrocatalysts is debatable, various
carbon-heteroatom bonding configurations are
considered to be responsible for the catalytic activity.?
Therefore, the electrocatalytic performance of CN, may
be altered by varying the density of such active sites
either by increasing the dopant concentration® or by
altering other structural parameters such as chemical
state, degree of disorder (ap) and surface structure® of
CN,. For example, in N-doped carbon, since the
pyridinic-N sites are located at the edges of graphitic
planes, their density is governed by the extent of edge
plane exposure.”” ** % Hence, by decreasing crystalline
size, the edge plane exposure can be increased to
attain higher number of disordered (pyridinic-N or
pyrrolic-N) sites.

Structure of catalytically active sites and dopant
concentration of the CN, electrocatalysts are
influenced largely by the synthesis conditions and the
precursors used. ** ?* Numerous N-containing
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precursors including aliphatic (acetonitrile,?
ethylenediamine,” etc.) and heterocyclic aromatic
(pyridine,”® melamine,”® etc.) compounds, polymers
(polyaniline,” * polypyrrole, 3' etc), materials
obtained from biomass (soybean®, silk*?, etc.) and
others have been used to synthesize metal-free or NPM
based  electrocatalysts. However, the effects of
processing parameters such as temperature, surface
modifications, etc. on the structural parameters such as
crystallinity and number of ORR active sites, and their
subsequent effects on the electrocatalytic activity of
CN, have not been studied extensively.

Similar to the metal-free CN,, NPM based catalysts
have metal-carbon bonding as catalytically active
sites.®® 3* However, despite significant efforts, the
NPM-based catalysts lack of stability and activity
required to be suitable for the ORR-catalysis. More
recently, NPM-based catalysts with high ORR
performance and stability have been prepared by co-
doping of metallic as well as nonmetallic heteroatoms
in the carbon matrix. Among various metal/nonmetal
codoped carbons, Co and N doped ones have shown
superior performance in terms of both ORR activity and
stability.'® 27334

The enhancement of catalytic activity of Pt-free
catalysts can also be attained by using nanocomposites
of various carbon nanomaterials and/or NPM-based
oxides, alloys, etc., where various steps of the reaction
may be catalyzed by different phases of the
nanocomposite catalyst. Recently, Liu et al. have
shown high photocatalytic activity of metal free,
carbon  nanodot—carbon nitride  nanocomposite
photocatalyst for water-splitting, where two steps of
the overall reaction, namely photocatalysts and
chemical catalysis were performed respectively by
carbon nitride and carbon nanodots.*

In the present study, we demonstrate the fabrication of
an N-, O- and Co-codoped carbon electrocatalyst for
ORR catalysis. The effects of processing parameters on
the structure and the ORR performance of CN,
synthesized by low to medium temperature (400 to 800
°C) pyrolysis of polyvinylpyrrolidone (PVP), a novel, N-
and O- containing polymeric precursor were studied.
The low temperature synthesis of CN, having high N-
and O- contents was made possible by the use of PVP
as precursor since it carbonizes at a pyrolysis
temperature (T,) of < 450 °C. Apart from this, other
obvious advantages of PVP included its (i) water
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solubility, which offers easy mixing with transition
metal salts; (ii) cost-effectiveness compared to other
polymeric precursors; and (iii) non-toxic nature. In this
study, the effects of pyrolysis temperature and surface
treatment on the structure of CN, were determined
respectively by using a set of T, to synthesize CN, and
by subjecting the as-synthesized CN, to an acid
treatment. The parameters ap and Xy, associated
respectively to the nature and number of active sites,
were considered as the structural parameters of
interest. Finally, the effect of structural evolution on
the ORR performance was studied by correlating the
ORR performance parameters with the structural
parameters.

EXPERIMENTAL
Synthesis of CN,

CN, were synthesized by one-step pyrolysis of an
homogeneous mixture of PVP (1.389 g) and
Co(NO;),.6H,0 (0.494 g), prepared by mixing the
materials in deionized water (10 ml) with magnetic
stirring for 2 h followed by drying at 100 °C for ~10 h.
The amounts of PVP and Co(NO3),.6H,0 were selected
to obtain a Co/C weight ratio of 0.1 for the mixture.
The pyrolysis was performed in a horizontal quartz tube
furnace pursed with a continuous flow of N, (200 ml
min™). The reactor temperature was increased to the
desired value with a heating rate of 3 °C min™* and held
for 30 min to complete the pyrolysis process. To study
the effects of T, on the electrocatalytic activity, five
different T, values of 400, 500, 600, 700 and 800 °C
were selected to synthesize the catalysts CN,/400,
CN,/500, CN,/600, CN,/700 and CN,/800, respectively.
Finally, to remove the Co-oxide/Co particles and part of
disordered carbon from the sample and to modify the
surface morphology, the as-synthesized samples were
treated with 5M HNO; for 24 h followed by washing
and filtering severally with deionized water till neutral
pH to obtain the acid-treated CN, (A/CN,) samples,
namely A/CN,/400, A/CN,/500, A/CN,/600, A/CN,/700
and A/CN,/800 corresponding to the T, of 400, 500,
600, 700 and 800 °C, respectively.

Structural characterizations

This journal is © The Royal Society of Chemistry 20xx
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Thermal degradation of PVP and PVP/Co(NOjs),.6H,0
mixture (Co-PVP) were studied by thermogravimetric
analysis (TGA) using a Perkin-Elmer Diamond TG/DTA
analyzer. To study the surface morphologies of the
electrocatalysts, scanning electron microscope (SEM)
and atomic force microscope (AFM) imaging were
performed using a Zeiss, EVO MA-15 SEM and an
Agilent 5500 AFM, respectively. Again, the elemental
composition was determined by using a carbon-
hydrogen-nitrogen (CHN) analyzer (PerkinElmer Series-
Il CHNS/O Analyzer 2400) and an energy dispersive X-
ray (EDX) analyzer (Quanta 200 SEM). Raman spectra
were recorded on a Horiba Jobin Yvon LabRAM HR
Raman microscope using a laser excitation source of
632.7 nm to evaluate ap of the CN, electrocatalysts.
Analysis of Raman spectrum was performed by fitting
the data with a Voigt distribution function, consisting of
a combination of Gaussian and Lorentzian components.
To study the effects of processing parameters such as
T, and acid-treatment on the crystalline order, X-ray
diffraction (XRD) patterns of as-synthesized and acid-
treated CN, were obtained by using Rigaku Miniflex 600
X-ray diffractometer with Cu Ko (A = 1.5418 A) radiation
at a scan rate of 0.5° min™. Finally, Fourier transform
infrared (FTIR) spectroscopy (Bruker Vertex-70) and X-
ray photoelectron spectroscopy (XPS; PHI 5000, Versa
Prob II, FEI Inc. spectrometer) were employed to probe
the chemical state of the CN, electrocatalysts. Finally,
cyclic voltammetry (CV) was performed using an
electrochemical cell attached with an Agilent 5500
AFM, while linear sweep voltammetry (LSV) was
performed on a homemade rotating-disk-electrodes
(RDE) setup.®®

Electrode preparation and electrochemical

characterizations

A three-electrode setup quipped with a modified glassy
carbon (GC) working electrode, an Ag/AgCl (1.0 M KClI)
reference electrode and a Pt-wire counter electrode
was used for the CV measurements. The GC electrodes
(disc diameter: 3 mm) were cleaned carefully by acid-
treatment, polishing and ultrasonication. After dipping
in 10% (v/v) HNO; for 10 min, GC electrodes were
washed with deionized water and polished with 0.3 um
alumina powder. Finally, the electrodes were
ultrasonicated successively in deionized water and
ethanol (5 min, each). Dispersions of the catalysts were
prepared by mixing each of the powdered samples in
ethanol (1 g L") by ultrasonication for 60 min. To
prepare a working electrode, 25 ul of the catalyst

This journal is © The Royal Society of Chemistry 20xx

dispersion was drop-casted on a cleaned GC electrode
and air-dried for at least 60 min. Finally, 2.5 pl of 1.0
wt.% polystyrene solution in xylene was drop-casted
and air-dried on the CN, modified electrode, which
worked as the binder during the CV measurements. For
a particular catalyst, three similar working electrodes
were prepared.

CV measurements were carried out in a potential range
of -1.0 to 0.2 V at a scan rate of 50 mV s@ in O,
saturated as well as Ar-saturated 0.1M KOH
electrolytes. Furthermore, LSV measurements on CN,
modified GC RDE were carried out in similar
electrolytes at a potential scan rate of 10 mV s™ and a
rotation rate of 1600 rpm. To remove the capacitive
current, the LSV curves obtained in presence of Ar were
subtracted from the corresponding ones obtained in O,
saturated electrolytes. Similarly, for evaluation of the
methanol oxidation reaction (MOR) activity, CV
measurements were performed in an electrolyte
containing 1.0 mol L™ H,S0, and 1.0 mol L™ CH;OH at a
scan rate of 50 mV s™. Finally, the ORR activities of the
CN, electrocatalysts were compared in terms of various
parameters extracted from the CV curves and the RDE
voltammograms.*’

RESULTS AND DISCUSSIONS
Thermal degradation of PVP

TGA and temperature derivative of weight (dW/dT)
curves of Fig. 1 reveal the thermal degradation of pure
PVP and Co-PVP in N, environment. The thermal
degradation of Co(NOs),.6H,O has been reported to
take place in a temperature range between 160 and
260 °C with a weight loss of ~ 72% according to the
scheme-

-37wt% -34 wt%
2Co(N0O3),.6H,0 ——— 2Co(NO3), —— Co Oxides

to form cobalt oxides (Co3;0,, Co0,0; and Co0). **¥ A
comparison between the TGA curves for PVP and Co-
PVP suggests an additional weight loss for the latter in
a temperature range between 170 to 360 °C (marked
by A), corresponding to decomposition of
Co(NOs),.6H,0. Again, while the thermal degradation of
pure PVP completes below 450 °C, the Co-PVP
decomposes over a broader temperature range with a
residual weight of ~20 % at 800 °C, which, after
compensating for the difference due to the presence of
Co30, (7.4 %), is ~10 % higher than that of the latter.
The higher residual weight and broader range of weight
loss are attributed to the modified thermal
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decomposition of PVP in presence of the metal salt. As
the onset points of PVP carbonization (marked by
arrows) lie below 400 °C, a set of temperatures ranging
from 400 to 800 °C was selected for the present study.

100
--------------- 0.0
801
X 1-05
o
= 60 - .I -
o ] 2
O 404 ' 1103
= '- =
00— ™t.% PVP ]
——Wt.% Co-PVP ! l4s
: .
- == dW/dT PVP :
0+ dW/dT Co-PVP
2.0

100 200 300 400 500 600 700 800
Temperature (°C)
Fig. 1: TGA and derivative weight (dW/dT) curves of the
PVP and PVP/Co(NO;),.6H,0 mixture obtained at a scan
rate of 10 °C min™ in N, environment.

Structural characterizations

XRD patterns of the as-synthesized as well as acid-
treated CN, are shown in Fig. 2, which exhibit no
diffraction peaks corresponding to graphite for the CN,
or the A/CN, synthesized below 800 °C, unveiling their
amorphous nature. For T, below 800 °C, appearance of
a broad peak around 20 of 25° on acid treatment may
be attributed to the increased short-range order by
removal of highly disordered carbon from the catalyst.

corresponding to the (002), (100), (101) and (004)
planes of graphite (JCPDS 41-1487), reveals the
presence of partially crystalline graphitic phase. This is
attributed to the catalytic effect of Co, leading to
graphitization during pyrolysis.** Again, both untreated
as well as acid-treated CNx samples synthesized at 800
°C exhibit similar graphitic nature except the increased
intensity of graphitic peaks with acid-treatment. This
may be attributed to the removal of amorphous carbon
during acid-treatment. Pyrolysis of Co-PVP at 400 °C
forms a nanocomposite consisting of cobalt oxides
embedded in the N- and O-containing amorphous
carbon matrix. Diffraction peaks corresponding to three
different types of cobalt oxides, namely CoO (26 ~ 36,
42; JCPDS- 78-0431), Co,0; (26 ~ 26, 31, 38, 51; JCPDS-
02-0770) and Co;0, (26 ~ 31, 37, 45, 56; JCPDS- 78-
1969) are observed in CN,-400. At T, value of 500 °C,
the peaks corresponding to Co;0,4 and Co,0; disappear
and the samples consist of CoO in amorphous carbon,
while metallic Co (26 ~44, 51; JCPDS- 15-0806) phase
appears along with CoO at T, of 600 °C. Again, at higher
T, (700 and 800 °C) the CoO phase disappears
completely while the metallic Co phase prevails in the
graphitic carbon matrix. The formation of metallic Co at
higher T, attributes possibly to the reduction of CoO by
the by-products (hydrocarbons, hydrogen) of PVP
pyrolysis. Furthermore, XRD patterns of A/CN, (Fig. 2b)
exhibit no peaks corresponding to Co-oxides suggesting
their complete removal during the acid treatment. On
the other hand, the metallic Co phase for CNx
synthesized at T, values of 600-800 °C is not removed

For CN,/800, appearance of diffraction peaks completely on acid-treatment.
a]|cN, 1289, | bl|aeN, 6
% 'COZOZ
G - Graphite
800
> Co >
= 1700 =
2 |600 /'*""‘”MM 2 G
17 e’ 8 o
= |500 \vwf\"j\"“"“"" £ 800 COG
: 700 e
5000 oo S
400 /\_,.\____
UEANLELIS LA L LA B UL EARL AL LR B B
10 20 30 40 50 60 10 20 30 40 50 60
Angle (20) Angle (20)

Fig. 2: X-ray diffraction (XRD) patterns of (a) CN, and (b) A/CN,.
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Raman spectra of CN, and A/CN, synthesized at varying
T, values are shown in Figs. 3a and 3b. The CN,
synthesized at lower temperatures (400-500 °C) exhibit
the overlapped D (~1365 to ~1329 cm™) and G (~1585
cm) bands, revealing their amorphous/disordered
nature and presence of C-N defects.*" With increasing
Tp, the overlapped D and G bands are resolved, which is
attributed to the increased graphitic order. In addition
to the graphitic D and G bands, a weak D’-band at ~
1615 cm™ is also observed for CN, synthesized at T, of
800 °C, suggesting a relatively lower disorder.* This is
consistent with the XRD analysis, which suggests the
appearance of graphitic structure for CN,/800 and
A/CN,/800. Again, no significant shift in the G-band
positions for both CN, as well as A/CN, are observed
with increasing T,, while the D-band shifts towards
lower wavenumbers from 1379 cm™ for CN,/400 to
1331 cm™ for CN,/800 and from 1356 to 1333 cm™ for

Journal of Materials Chemistry A

corresponding A/CN, samples. The D-band shift is
attributed to the transition of amorphous to graphitic
ordered phase with increasing T, and is also supported
by the XRD analysis, which reveals no crystalline order
at lower T, (T, of 400 to 700 °C) with a marked increase
for T, of 800 °C. However, no significant changes in the
bulk crystalline structures are observed for T, of 400 to
700 °C from XRD while a gradual increment in graphitic
order is observed by Raman spectroscopy. Again, with
acid-treatment, larger  shifts towards lower
wavenumbers are observed for CN, prepared at lower
T, as compared to those for higher T,. For example,
with acid-treatment, CN,/400 exhibits a shift of 23 cm™
in D-band, while the corresponding shift for T, of 800 °C
remains as low as 2 cm™. This is attributed to the
removal of the disordered and acid-unstable phases
from the CN, synthesized at lower T, during acid-
treatment.

- = =Voigt-D EED G @
Voigt-G /1| !\ ¢
f ol f D
—.=D+G / !\ i
/ .
/ AN }f, \\ 800
Mm’;,»mw""""ﬁm "‘[ !l)\‘-uw ﬂ\ R
/ b 1L
700
c c
- . 600 -
Nty st
\
M, 500
M‘%"“‘wa
400
b gy
1
...... e _
800 1200 1600 2000 800 1200 1600 2000

Raman Shift (cm™)

Raman Shift (cm™)

Fig. 3: Raman spectra of (a) CN, and (b) A/CN, electrocatalysts synthesized at different T, values Typical Voigt fit
for CN,/400 along with individual D and G components is also shown (dotted curves).

The effects of T, and the acid-treatment on Xy are
demonstrated in Fig. 4a. With increasing T,, Xy changes
marginally for T, of 400 to 700 °C as the carbonization
of PVP completes below 450 °C and no major structural
changes occur in between 500 to 700 °C. On the other
hand, sharp decrease in Xy at T, of 800 °C indicates
significant structural changes in the CN, leading to the
graphitic arrangement. Again, the A/CN,
electrocatalysts exhibit increased Xy over their as-
synthesized counterparts, which may be attributed to
the removal of an N-deficient phase of carbon by acid-
treatment.

To study the effects of T, and acid-treatment on the
structure of CN,, the Raman spectra were further

This journal is © The Royal Society of Chemistry 20xx

analyzed by fitting the data with Voigt distribution.
While two peaks corresponding to the D and G bands
are considered to fit the spectra for T,<800 °C, the
spectrum for T, of 800°C are fitted by using three
components corresponding to the D, G and D’ bands.
Typical Voigt distribution fit for the Raman spectrum of
CN,/400, along with their D and G components, is
shown in Fig. 3a. Among various parameters, full width
at half maximum (FWHM) of D and G band (Wp and
Ws) are taken as the parameters associated to ap.
Cuesta et al. have demonstrated that the Wy exhibits
good correlation with apover a large range of order-
disorder, while Wg correlates well with ap for the
carbons having high graphitic order.”® As the CN,

J. Name., 2013, 00, 1-16 | 5
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electrocatalysts of the present study have large range
of disorder, ratio of D to G band FWHM (Wp/Wg) is
considered as the measure of ap. Fig. 4b shows the
variations of Wp, Wg and Wp/W; with T, for the CNy as
well as A/CN, electrocatalysts. The parameters Wy and
Wp/Ws decrease marginally with increasing T, from
400 to 700 °C, while for T, of 800 °C, a noticeable
decrement is observed. This, combined with the XRD
analysis, suggests a significant structural difference
between the CN, synthesized at and below 800 °C. For
both CN, and A/CN,, the Wg/Wp decreases with

124 m X -CN,
7% AICN,

DMIMIMIBIY

N\
NN

%

800

400 500 700

Pyrolysis Temp. (°C)

increasing T, exhibiting lowest value for CN,/800, due
to the decreased fraction of disordered phase.
Furthermore, with acid-treatment, Wp/Wg decreases
for T, of 400 to 700 °C due to the removal of acid
unstable disordered carbon, which leads to a decrease
in Wp. On the other hand, due to the lower fraction of
such acid-unstable disordered carbon in CN,/800, Wy
and thus, Wp/W; increases with acid-treatment, which
is due to the oxidation induced surface defects in the
graphitic carbon.

W,W,-AICN,

-,

35 @ N W,/ W,-CH,
B

1
W
o
o

N
=
(=]

FWHM (cm)

700
Pyrolysis Temp. (°C)

500 500

Fig. 4: Variations of structural parameters (a) Xy and (b) Wp/W¢, (Wp and W obtained from Raman spectra) with
T, for as-synthesized and acid-treated CNL.

Since the Raman spectroscopy and XRD analysis
suggest highest graphitic order for CN, synthesized at
T, of 800 °C, surface morphologies of CN,/800 and
A/CN,/800 were examined by SEM and AFM to
evaluate the effect of acid-treatment on their surface
structures (Fig. 5). Untreated CN, consists of a layered
structure covered with small particles (Fig. 5a), which
are removed by acid-treatment (Fig. 5c). This reveals
the presence of two phases, namely the acid-unstable
amorphous phase and the crystalline layered phase in
the CN,. As the Raman spectroscopy suggests an
increased graphitic order for A/CN,/800, the particulate
phase of CN,/800 consists of amorphous carbon. Higher
resolution image shown in the inset of Fig. 5a and the
AFM image of Fig. 5b reveal rough morphology of the

6 | J. Mater. Chem. A., 2015, 00, 1-16

CN,/800 surface. Inset of Fig. 5c exhibits higher
resolution image of acid-treated CN,, revealing the
presence of pits (<100 nm; marked by arrows) on the
surface. Similar pits can also be observed in the AFM
image of Fig. 5d. On the other hand, no such pits are
observed on the untreated CN, surface. This may be
attributed either to the pit formation by acid-induced
oxidation or to the emergence of pre-existing pits by
removal of amorphous carbon.** Embedded plots in
Figs. 5a and 5c show the EDX spectra of corresponding
samples revealing the effect of acid treatment on their
elemental composition. Removal of leachable Co with
acid-treatment is confirmed by reduction of the peak
intensity.

This journal is © The Royal Society of Chemistry 20xx
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—
200 nm

Y 0.2 04 0.6 m

0.8 Mm

Fig. 5: Surface morphology of untreated (a, b) and acid-treated (c, d) CN, synthesized at T, of 800 °C as revealed
by SEM (a, c) and AFM (b, d) imaging. Insets of (a) and (c) show the magnified views of the respective SEM images.
Plots embedded in SEM images depict the EDX analysis of corresponding CN,.

Chemical structures of the A/CN, electrocatalysts
synthesized at varying T, are investigated using the
FTIR spectroscopy as well as the XPS analysis. The FTIR
spectra of A/CN, shown in Fig. 6 exhibits strong
absorption bands corresponding to (i) the OH
stretching vibrations of surface hydroxyl groups and
chemisorbed water at 3200-3600 cm™, (ii) various
overlapped bands associated with N and/or O bound C
between 1100 to 1700 cm™, and (i) the weak
absorption bands associated with the stretching
vibrations of C-H bonds at ~2850 and ~2925 cm™.** The
peak at ~1383 cm™, which exhibits highest intensities
for T, of 500 and 600 °C, can be assigned to the strong
absorption of NO* . Similarly, the broad peak between
1300 to 1500 cm™ consists of the in plane vibration of
=C—H band at ~1330 cm™,*® the symmetric stretching of
N=0 at 1580 cm™ and the stretching of the pyrrolic C-N
bonds (1500 to 1590 cm™).*” Again, the broad band at
1215 cm™ observed for CN, synthesized at higher Tp
(700-800 °C) may be associated to the coexisting C-0,
C-0—C and O = C-O groups,*® along with a contribution
from the vibrations of the pyridine-type C-N bonds.*
Furthermore, the peak around 1600 cm™ may be
assigned to the graphitic C=C at ~1650 cm™,"’ C-C=0 at
~1640 cm™ *° and C=N at ~1645 cm™.>* Small peak at
1710 cm™, which remains well marked at lower Tp, is
associated to the C = O stretching vibrations.”® Hence,
the FTIR spectra of the A/CN, electrocatalysts reveal
the presence of various groups consisting of N and/or O
bound carbon, which could affect their catalytic
activity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6: FTIR spectra of A/CN, synthesized at varying T,,.

Furthermore, to evaluate the effect of T, on the surface
elemental composition and chemical states of the
constituent elements, XPS analysis of the selected
A/CN, samples was performed (Fig. 7). The XPS survey
scans shown in the insets of Fig. 7a reveal the presence
of N, O and Co, along with C in the A/CN,
electrocatalysts. The high-resolution XPS spectra
corresponding to C 1s, N 1s, O 1s and Co 2p peaks
analyzed by using XPSPEAK version 4.1 program are
shown in Fig. 7, where Shirley-typed background and
Gaussian—Lorentzian (GL) distributions are used to fit
the baselines and the XPS peaks, respectively. Table 1
shows the surface elemental compositions of CN, along
with the distributions among various chemical states.
The amounts of N, O and Co are represented in terms
of the ratios Xn/Xc, Xo/Xc and XcofXe, with X¢, Xo, and
Xco, being the at.% of C, O and Co, respectively. The
distributions of the chemical states of constituent

J. Name., 2013, 00, 1-16 | 7
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elements vary significantly with T, owing to the change
in chemical states.

Table 1: Surface elemental compositions and chemical
state distributions of A/CNx with varying T,. The
amounts of N, C and Co are shown in terms of ratios
Xn/Xe, XofXc and Xco/Xc, which represent the fractional
abundance of N, C and Co per unit of C.

T,(°C) >

Chemical states | 400 600 800
Xc x 100 (at.%) 67.3 746 925
C=C sp’ (at.%) 33.7 418 527
C-Csp’/C=Nsp” (at.%)  26.9 29.1 352
C-N sp> (at.%) - 3.7 4.6
N-C=0 (at.%) 6.7 - -
Xco/Xc x 100 0.15 295 054
Co/Co,0,, Co—C-N - 1.38 0.21
Co,N,~C, Co (NO3), - 157 0.33
Co0/Cos0, 0.15 - -
Xn/Xc % 100 9.21 1153 0.76
Pyridinic-N 1.50 3.53 0.17
Pyrrolic/pyridine-N 4.85 4.64 0.35
Graphitic-N 1.72 1.78 2.5x107
N-oxides 1.14 1.58 0.21
Xo/Xc x 100 39.38 19.57 6.70
c-0-C 2636 17.50 4.43
c=0 6.71 207 227
COO/C0304 6.30 - -

The components of C 1s peak at 284.4, 285.0, 286.7
and 287.7 eV (Fig. 7a) can be assigned to C—C (sp?), C—C
(sp’)/C—N (sp®), N—=C=0 and C—N (sp°), respectively.’*>*
CN, synthesized at T, of 400 °C contains the N-C=0
chemical state of C, which disappears with increasing
Tp. This is possibly due to the low temperature, which
remains insufficient to break the PVP structure
completely. Here, as revealed by the XRD analysis, the
sp’-hybridized C-C corresponds to the graphitic carbon
for T, of 800 °C while for 400 °C, it is possibly related to
the partially decomposed PVP ring. Similarly, the N 1s
peak consists of four components at 398.1, 399.8,

8 | J. Mater. Chem. A., 2015, 00, 1-16

402.6 and 405 eV (Fig. 7b), which can be assigned to
pyridinic N (N1), pyrrolic/pyridone N (N2), graphitic N
(N3)>>*® and N-oxides such as NO5™ (N4), respectively.’’
The presence of N-oxides may be attributed to the
formation of Co(NO;), from Co-oxides during HNO;
treatment. Furthermore, as the N 1s peak from the Co
bound N (CoxN,) has binding energy close to that of the
pyridinic N, the peak at 398.1 eV contains both of these
components.”® The distribution of various chemical
states of N exhibits highest fraction of pyridinic-N (the
most ORR active component) for T, of 600 °C. Again, at
lower T,, CN, electrocatalysts exhibit high O content,
attributed to the presence of Co and/or N oxides and C
bound O. The O 1s peak components at 531.2 and
533.0 eV (Fig. 7c) are associated with the C=O/NO; and
C—0-C chemical states of O, respectively.”” >> *° The
peak at 533.0 eV may also contain a component
corresponding to N—-C=0 chemical state of O. The
extended XPS spectra of Co 2p shown in Fig. 7d reveal a
clear evolution of the chemical state of cobalt from Co
oxides (Cos0, and CoO) at 400 °C to Co,0,, Co—C-N and
Co,N,-C at 600 and 800 °C. For A/CN,/400, the peaks at
777.5 and 778.4 eV are associated respectively to the
spin 3/2 components of Co** and Co™, while the
corresponding spin 1/2 components are observed at
792.8 and 793.9 eV.*®® The Co™ and Co™ components
are attributed to the presence of Co-oxides. Hence,
small amounts of Co-oxides remain present in A/CN,-
400, which are not detected by XRD. On the other
hand, the A/CN, synthesized at higher temperatures
exhibit no peaks corresponding to Co* and Co™, as can
be seen in Fig. 7d. This is in agreement with the
absence of diffraction peaks corresponding to Co-
oxides in the XRD patterns. Hence, for T, of 600 and
800 °C, the XPS peaks at 778.1, 780.0, 780.9, 782.6, eV
can be assigned to Co/Co,0, (Col) Co—C-N (Co2),
CoN,—C (Co3), and Co (NO;), (Co4), respectively.®® 3
Appearance of Co—C—N/CosN,—C sites along with higher
fractions of pyridinicc-N and pyrrolic-N  of CN,
electrocatalysts synthesized at higher T, could enhance
their ORR activity significantly.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7: XPS spectra of A/CN, synthesized at T, of 400, 600 and 800 °C exhibiting (a) C 1s, (b) N 1s, (c) O 1s and (d)
Co 2p peaks fitted with various components by using Gaussian—Lorentzian (GL) distributions. XPS survey spectra
corresponding to various T, are shown in the inset plots of (a).

Electrocatalytic performance the cathodic peak in O,-saturated electrolyte to be
originated from the ORR activity of the CNx
electrocatalysts. With increasing T,, the onset
potential (Vonset) for ORR shifts towards more positive
potentials, exhibiting increased ORR performance.

Cyclic voltammograms for CN, and A/CN, modified GC
in O,-saturated KOH (0.1 mol L) are shown in Figs. 8a
and 8b. The voltammograms exhibit a cathodic peak at
a potential of ~-0.4 V during reverse scan. On the other
hand, CV curves in Ar-saturated electrolyte under
similar conditions, shown in Figs. S1 and S2
(supplementary information), exhibit a pseudo-
rectangular shape without redox peaks. This confirms

—o— ON_-400 | —o— AICN,-400
50 { —o— CN,-500 50 | —o— A/CN,-500
—a— CN,-600 —a— AJCN,-600 5
~— — 1 XX
s
e ]| T
p - . _.v_".n'unn‘tq‘q‘.}\ -
— S renamoonsuins 4 — i
O -50- O 5047
7 650%/
1Lﬁg e —o— CN,-700 %> —— AICN,-700
) —o—CN-800 ] —o— AICN_-800
-100 . . . -100 . ; ;
0.8 04 0.0 08 04 0.0
Potential (V) Potential (V)

Fig. 8: Cyclic voltammograms of (a) as-synthesized and (b) acid-treated CN, in O, saturated aqueous 0.1 mol L
KOH at a scan rate of 50 mV/s.

The ORR activity of CN, electrocatalysts in alkaline CN, modified GC RDE with a rotation rate of 1600 rpm.
media is further studied by LSV at a potential scan rate The LSV scans (capacitive current corrected) for the CN,
of 10 mV s in O, saturated 0.1 mol L KOH by using and A/CN, modified RDE are shown respectively in Figs.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-16 | 9
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9a and 9b, while the corresponding Tafel plots (log(l)
vs. potential) are presented in Figs. 9c and 9d. For
comparison, LSV scan of Pt disc RDE (2 mm diameter),

recorded under similar conditions is also shown in Figs.
9a and 9b. The CN, electrocatalysts show significant
ORR activity, which increases with increasing Tp.
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Fig. 9: (a, b) RDE voltammograms of the CN, modified GC electrodes in 0.1 mol L™ KOH at a scan rate of 10 mV s™.
The voltammograms have been corrected for the capacitive current. (c, d) Tafel plots derived from (a and b).

To further evaluate the electrocatalytic performance of
CN, and A/CN,, and to investigate the effects of
temperature and acid-treatment on the ORR activity of
CN, electrocatalysts, the RDE voltammograms were
analyzed further in terms of two different parameters,
manely ORR peak height (lorz) and Vonser, the ORR onset
potential. The potential Vonse: is determined by drawing
tangents at the points of slope change in the RDE
voltammograms, while logg at a particular potential (V=
-0.4 V) is defined as the absolute difference between
current values at Vonset and V= -0.4 V. Physically, Vonset,
being the reaction overpotential-the minimum
potential required to initiate the ORR, is related to the
activity of the site. On the other hand, loprg can be
associated with the density of catalytically active
sites.”® Since good electrocatalysts should provide an
easy onset and a high current density, a less negative
Vonset (less overpotential) and high logg may be
considered as the desired characteristics for ORR
catalysts. The variations of ORR parameters (lorz and
Vonset) for the CN, electrocatalysts with T, are shown in
Table 2. Both the as-synthesized and acid-treated CN,
synthesized at or above 600 °C exhibit high ORR activity

10 | J. Mater. Chem. A., 2015, 00, 1-16

in terms of Vonset Values comparable or superior to that
for the Pt based catalysts (~-210 mV).*®

With increasing T,, the Vonset for both CN, and A/CN,
shifts towards more positive potentials, suggesting the
formation of highly ORR active sites. For example, with
increasing T, from 400 to 800 °C, values of Vgser Xhibit
positive shifts of ~140 and ~210 mV for CN, and A/CN,
electrocatalysts, respectively. Similarly, logs, and thus
the density of ORR active sites increases with T, by
respective factors of ~5 and ~18 for the CN, and the
A/CN, electrocatalysts. The increase in ORR activity
with T, up to 700 °C may be attributed to the increased
crystalline order, comparatively constant Xy, increasing
number of ORR active C-N sites (pyridinic-N) and
formation of Co—C—N/ CoxN,—C sites. Again, for T, of
800 °C, despite sharp reduction in Xy, density of ORR
active sites increases due to the increased graphitic
nature, which increases the overall number of ORR
active C-N, C-O-C and Co—C-N/ Co,N,~C sites.

Similar to T,, acid-treatment of CN, electrocatalysts
also offers significant effect on their electrocatalytic
performance, both in terms of lggg and Vonser. With acid-
treatment, ORR activity remains constant for T, of 400
and 500 °C, decreases for T, of 600 and 700 °C and

This journal is © The Royal Society of Chemistry 20xx
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increases for T, of 800 °C. The complex variation of logg
and Vonset With acid-treatment for different CN, samples
could be associated with three factors, (i) the removal
of disordered N-deficient phase of CN,, effectively
increasing Xy and logg, (ii) the incorporation of oxygen
containing groups with acid-treatment of the carbon
surfacer, which can reduce lggr by steric hindrance and
(iii) increased hydrophobicity of the acid-treated
carbon, which could lead to increased adsorption of
oxygen in small pores and thus increase the ORR
activity. ®® While for lower T,, the first factor dominates
due to the presence of higher fraction of disordered
carbon, at higher T,, the density of active sites and
hence lorz decreases due to the presence of oxide
groups. The graphitized CN, synthesized at 800 °C
exhibits large increase in ORR activity with acid
treatment due to increased crystalline order and X,
combined with the modified surface morphology
leading to increased hydrophobicity with acid
treatment.

The large variation in Tafel slope with synthesis
parameters is attributed to the changing chemical
states of N, O and Co in the electrocatalysts.
Particularly, lower Tafel slope for as-synthesized CN,
may be attributed to the presence of metallic Co and
Co30,4 nanoparticles, which contribute to the ORR
activity. The exceptionally high ORR activity of CN,
synthesized at T, of 800 °C is attributed to the presence
of graphitic carbon along with the pyridinic-N, as
revealed by XRD, Raman and FTIR analysis.

Table 2: ORR parameters Vonset, lorr and Tafel slope of
the as-synthesized and the acid-treated CN, obtained
from the RDE voltammograms.

Journal-ef-Materials-Chemistry A

MOR activity. Typical CV scans for of the CN, and A/CN,
electrocatalysts synthesized at T, of 400 and 800 °C are
shown in Fig. 10 (detailed; supplementary information,
Fig. S3). For T, of 400 °C, the electrocatalysts exhibit
significant anodic current peaks at ~0.7 and ~0.6 V
during forward and backward scans, which correspond
respectively to the MOR and the oxidation of MOR
byproducts on the electrode.®” ® However, in terms of
the relative height of MOR peak, the MOR activity
reduces significantly for T, of 800 °C. The magnified
views of the anodic peak corresponding to MOR are
shown in the insets of Fig. 10, which suggest an
enhancement in MOR activity with acid treatment for
T, of 400 °C, while a reduction for T, of 800 °C. The
MOR activity CN synthesized at low T, could utilized in
the catalyst layers of direct methanol fuel cells
(DMFCs), where Pt supported on carbon is used as the
MOR catalyst. MOR activity of the CN, support may be
employed to enhance the overall MOR activity of the
Pt-based catalyst layer, which may ultimately reduce

the required Pt-loading.
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MOR activity

Cyclic voltammograms of CN, modified GC electrodes in
presence of CH;0H (1.0 mol L™* H,SO, and 1.0 mol L*
CH;OH electrolyte, scan rate- 50 mV s?) reveal their

This journal is © The Royal Society of Chemistry 20xx

containing 1.0 mol L™ H,S0, and 1.0 mol L™ CH;OH at a
scan rate of 50 mV s™ for CN, synthesized at T, of (a)
400 and (b) 800 °C.

Correlation between electrochemical and structural
parameters

Since the ORR parameters depend significantly on the
two structural parameters, op and Xy of the CN,, study
of the correlations between these parameters for all
the synthesized catalysts, irrespective of synthesis
methods and sample modifications, is worthwhile. The
variations of ORR parameters obtained from CV
measurements, namely Vouse: (Onset potential of ORR)
Veeak  (potential at ORR current peak) and Iggr
(|IVPeak - IVOnset ’ Where' IVPeakand IVOnsetare the
current values at Vpesx and Voneer, respectively) with
structural parameters W,/Wg and Xy for both the as-
synthesized as well as the acid-treated CN, are

J. Mater. Chem. A., 2015, 00, 1-16] 11
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provided in Fig. 11. Both Vguset, and Vpea exhibit linearly
increasing trends with increasing Wp/Wg, suggesting
poor electrocatalytic activities for highly disordered
CN,. Again, trends similar to those of the Wp/Wg
variations are observed for the Xy variations of Vgnset
and Vpea. In contrast to the linear variations of Vonget
and Vpea, With Wp/Wg, and X, the variations of logs
exhibit a more complex behavior. Accordingly, logs
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decreases linearly with increasing Wy/Wg or Xy for CN,
synthesized at T, of 400 to 700 °C, while for T, of 800
°C, it exhibits a sudden drop. At lower T,, decrease in
lorg With increasing Wp/W; and Xy takes place as only a
fraction of N (pyridinic-N) is ORR active. Thus, the
combination having low ap and high Xy proves to be
most suitable for high electrocatalytic activity.
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Fig. 11: Variations of CV parameters Vpeax, Vonset, and logg With Wp/Wg and Xy. The CV parameters of as-

synthesized and acid-treated CN, have been combined. The dashed lines show the trends.

To compare electrocatalytic performance of the
present CN, electrocatalysts with those previously
reported, Vonse: Obtained from CV curves is considered
as the ORR activity parameter. Among numerous
reports on carbon-based ORR electrocatalysts, only
those articles having CV curves obtained in 0.1 mol L*
KOH electrolyte at a scan rate of 50 mV/s were
considered for comparisons. V.t for different
catalysts were obtained by using a procedure similar to
that adopted in the present study. To compare Vonset
calculated from CV plots that use a variety of reference
electrodes, another comparable
parameter Vonser (SHE) = Vonger + Vrep, Where Vger
is the corresponding reference electrode potential with
respect to standard hydrogen electrode (SHE), is
defined. Fig. 12 summarizes the Vp,se:(SHE) for
various catalyst systems including precious metals and
other carbon-derived catalysts, which clearly suggests
ORR activity of the present catalyst system to be

12 | J. Mater. Chem. A., 2015, 00, 1-16

comparable to those of Pt/C and other carbon-based

electrocatalysts.
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Fig. 12: Comparison of ORR

electrocatalytic

performance of the present electrocatalyst synthesized
at T, of 800 °C (CN,/800, A/CN,/800) with various
catalyst systems such as- (i) precious metals and alloys
(Pt,® Pd, Co/Pd™®); (i) N-doped CNT (N-CNT® 7); (iii)
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graphene (G) and doped G (N-doped G (NG), *** boron-
doped G (BG), ° B-and N-codoped G (BNG) > '* and S-
and N-codoped G (SNG)¥); (iv) transition metal
containing carbon (Fe embedded N-graphitic carbon
(Fe/NGC)", Fe-N/C nanofiber (Fe/NCN)*, cobalt-
graphene composite (Co/G),” cobalt containing N-
carbon (Co/CN,)*) and (v) N-carbon (CN,) derived from
pyrolysis of (a) ethylenediamine? and (b) soybean.?

Conclusions

In conclusion, N- and O- rich multi-doped carbon
electrocatalysts, having ORR active pyridinic-N,
pyrrolic-N and C- and N-bound O/Co sites, have been
synthesized by low-temperature pyrolysis of a novel
polymeric precursor and the effects of structural
parameters on their ORR activity have been evaluated.
While highly disordered N- and O-rich carbon is
obtained at lower T, (400 - 600 °C), graphitic carbon
having lower N and O contents is obtained at 800 °C.
Presence of ORR active C-N, C-O-C and Co—C—N/Co,N,~
C sites makes the present multi-doped carbon
materials highly active for ORR. Despite lower dopant
concentrations, CN, synthesized at T, of 800 °C exhibits
highest ORR activity due to high graphitic order.
Further, acid-treatment of CN, electrocatalysts can
improve their ORR performance by the removal of ORR
inactive disordered phase and the surface structure
modifications. Moreover, the CN, synthesized at lower
T, exhibit MOR activity, which could be utilized to
increase the effective performance of Pt-based catalyst
layers for DMFCs by using the present catalysts as the
catalyst layer support.
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Graphical and textual abstract

Effects of pyrolysis temperature and acid-treatment on oxygen reduction catalytic activity
of N-, O- and Co-doped carbons have been studied.
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