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Nitrogen-doped carbon is synthesized by the heat-treatment of carbon in an ammoniacal atmosphere at
different temperatures. The active site density and electrochemically active surface area (ESA) of carbon
and nitrogen-doped carbon catalysts are estimated from the charge due to oxidation of the adsorbed
anthraquinone-2-sulfonate (AQS) probe molecule. In the potential window of interest and over a range
of concentrations, there is no unwanted side reaction or polymerization of the probe molecule that
interferes with the electrochemical estimation of active site density. Most importantly, the adsorbed AQS
can easily be removed from the electrode surface by potential cycling. The ORR activity and active site
density of the catalysts derived from AQS-adsorption have similar trends. The active site density and
turnover frequency towards ORR estimated using the AQS-adsorption method are in line with those
reported in the literature by other methods. On the other hand, the results show that the wetted surface
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1. Introduction

Specific adsorption of ionic species on an electrode surface is
one of the fundamental processes in the field of surface elec-
trochemistry. This adsorption property is used to estimate the
electrochemically active surface area (ESA) of metals. For
instance, the reversible hydrogen adsorption/desorption vol-
tammogram is conventionally used to estimate the ESA and
active site density of platinum and other precious-metal nano-
particles.” Stripping voltammetry of adsorbed Cu and CO
molecules on the platinum surface is an alternative technique;
the obtained active site density is correlated with the activity
towards the oxygen reduction reaction (ORR).>”7 Whereas,
carbon and other non-precious metal catalysts (NPMCs) do not
specifically adsorb hydrogen and other ions from aqueous
electrolytes. Therefore, estimation of ESA using the adsorption
voltammogram is rarely reported in the literature.®®

Malko et al. recently used the nitrite ion as the probe mole-
cule to estimate the active site density of an Fe/N-C catalyst
using voltammetry; Fe was assumed as the active center.® In
a similar way, the complex formation ability of Fe with cyanide
was used in another electrochemical method for an Fe/N-C
catalyst.® Besides, physical methods such as neutron activation
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area estimated from the double layer capacitance does not always correlate with catalytic activity.

and Mossbauer spectroscopy were also used to identify the
possible ORR active centers in an Fe/N-C catalyst.'*"* Recently,
low temperature pulse CO chemisorption was applied to esti-
mate the active site density of NPMCs, assuming the metal as
the only ORR active center.™ It was reported that, even at low
temperatures (193 £ 5 K), CO does not adsorb on the nitrogen
center of the catalyst. In another report, NO() was used as the
probe molecule to detect the iron center in Fe/N-C catalyst.™
Thus, development of an electrochemical method to estimate
the active site density of metal-free carbon and nitrogen-doped
carbon is paramount.

In our previous work, a catechol molecule was used as
a probe to estimate the active site density.'® The experiment was
conducted based on the method proposed by Kanazawa et al.
and was performed with minor modification.*® In this method,
the in situ generated oxidized products of catechol bind to the
active sites on the catalyst surface. This method yields reason-
able estimate of the active site density at low concentration of
catechol in the limited potential window for optimized
adsorption duration. The base of the voltammogram of
catechol-adsorbed electrode overlaps with the background vol-
tammogram only at low concentrations, ie., the capacitive
contribution to the voltammograms of catechol-adsorbed elec-
trode matches with the capacitance of the respective bare
electrode.*

At higher concentrations of catechol, unwanted electro-
chemical reactions occur and the polymerized catechol adsorbs
on the electrode surface as proposed by others.””* This leads to
an overestimation of the catechol adsorption charge and the
active site density. Furthermore, the base of the voltammogram
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of catechol-adsorbed electrode recorded after cycling in cate-
chol solution of higher concentration does not overlap with the
background voltammogram in the limited or wider potential
window, i.e., the capacitive contribution in the voltammograms
of catechol-adsorbed electrode does not match with the bare
electrode. In such conditions, it is difficult to estimate the active
site density of the catalyst.

On the other hand, while using the anthraquinone-2-
sulfonate (AQS) molecule, a single saturated peak of the
adsorbed AQS voltammogram is obtained at any concentration.
Irrespective of the AQS concentration, the base of the adsorp-
tion voltammogram matches with the background voltammo-
gram recorded in AQS-free supporting electrolyte.

Therefore, AQS is used as a probe molecule to estimate the
active site density. This method provides reproducible results
over a wide range of AQS concentrations and potentials. More-
over, it can be easily removed from the electrode surface, as
compared to that of catechol.

The ORR voltammograms are recorded on carbon, nitrogen-
doped carbon and the HNO; treated catalysts in argon-saturated
0.1 M KOH media. It is observed that the ORR activity and the
active site density estimated from the AQS-adsorption method
have similar trends. Furthermore, the wetted surface area of the
catalysts is calculated from the double layer capacitance esti-
mated using electrochemical impedance spectroscopy (EIS). It
is shown that the catalytic activity may not always correlate with
the wetted surface area.

2. Experimental details

2.1. Materials

Anthraquinone-2-sulfonic acid sodium salt monohydrate (AQS;
C14H,;NaOsS-H,0), 1,2-dihydroxybenzene (catechol; 1,2-
CeH,(OH)) and Nafion® suspension (5 wt% solution in lower
aliphatic alcohols/H,O mix) were purchased from Sigma
Aldrich. 2-Propanol ((CH;3),CHOH), potassium dihydrogen
phosphate (KH,PO,), dipotassium hydrogen phosphate
(K,HPO,), potassium chloride (KCl), nitric acid (HNO3) and
ammonia (NH;) were purchased from Merck. All the chemicals
were used without further purification. De-ionized (DI) water
was obtained from Direct-Q Millipore de-ionizer.

2.2. Synthesis of N-doped carbon (N/C)

N-doped carbon was synthesized by the heat-treatment of
100 mg carbon black (Vulcan XC-72) with nitrogen precursor at
appropriate temperature.*>>**! Prior to the heat-treatment, the
carbon sample, taken in a dry quartz boat and kept in a quartz
tubular furnace, was purged with argon for 15 min. After
purging out the air inside the furnace, the carbon sample was
heat-treated in an ammoniacal argon (argon gas purged
through 30% ammonia solution) atmosphere for nitrogen-
doping. After the heat-treatment at the desired temperature
for three hours, the furnace was allowed to cool to room
temperature. The collected sample was ground well in a mortar
with a pestle and was preserved for further characterization.
The samples heat-treated at 1000, 900, 800 and 700 °C are
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labeled as N/C 1000, N/C 900, N/C 800, N/C 700, respectively, in
this manuscript.

2.3. HNO; treatment of carbon

Carbon black (Vulcan XC-72) (~100 mg) was dispersed in 50 mL
HNO; (69%) solution and was stirred overnight at 80 °C. The
dispersion was centrifuged at 10 000 rpm rotation to get the
black residue. The residue was washed repeatedly with DI water
by centrifugation at 10 000 rpm to get the neutralized super-
natant. The cleaned residue was kept in a hot-air oven (~80 °C)
to dry it. The sample was collected and ground in a mortar
pestle to get the uniform powder. The powder was used for
further characterization and labeled as HNO; treated
carbon.”»*

2.4. Electrochemical characterization

Cyclic voltammograms were recorded with a Bi-potentiostat
(“Wavedriver 20” from Pine Instrument USA) in a three-
electrode cell configuration. Bio Logic SP300 (from France)
was used to record the impedance spectra in a three-electrode
configuration. AC amplitude of 5 mV rms was used to record
the impedance data in the frequency range of 10 kHz to 50 mHz
and the same were analyzed using the complex non-linear least
square (CNLS) method with “ZSimpWin” software. A double
junction Ag/AgCl (saturated with KCI) was used as a reference
electrode and high surface area platinum coil as a counter
electrode. A polished GCE (geometric surface area 0.196 cmgz)
and catalyst deposited GCE were used as the working elec-
trodes. Prior to the experiments, GCE was polished using
alumina MasterPolish suspension from Buehler and was
cleaned with DI water by one-minute ultrasonication. Catalyst
ink was prepared by sonicating a mixture of 5 mg catalyst with
5 mL DI water, 10 mL iso-propanol and 10 uL Nafion® solution
for 30 min.** The well-dispersed ink was drop-cast on a polished
GCE to get a loading of ~136 pug cm, *; the electrode was dried
at room temperature for 2 h. The voltammograms were recor-
ded in the desired electrolyte at a scan rate of 20 mV s~ *. All the
potentials are reported with respect to standard Ag/AgCl (satu-
rated KCl) electrode in this manuscript. The ORR activity of the
catalyst was recorded in oxygen-saturated 0.1 M KOH solution.

2.4.1 Adsorption of anathraquinone-2-sulphonate and
catechol. Prior to recording the voltammograms of AQS-
adsorbed electrode, the electrode was activated following the
procedure as mentioned in the Section 2.3.2 and then the
background voltammograms (20 cycles) were recorded in argon-
saturated 0.1 M PBS (pH 7) solution at 20 mV s~ " scan rate in the
potential window of —0.65 to 0.55 V. The electrode was then
cycled in the same potential window in argon-saturated AQS
solution (prepared either in 0.1 M PBS (pH 7) or in DI water) to
adsorb the AQS on the surface. The electrode was cleaned in
0.1 M PBS (pH 7) for 20 min. Under rotation (1600 rpm) to
remove the excess amount of AQS physically trapped in the thin
layer of the electrode. Finally, after removal of unbound pore-
volume trapped AQS, the voltammogram of AQS-adsorbed
electrode was recorded in fresh (AQS-free) argon-saturated
0.1 M PBS (pH 7) solution. AQS is soluble in 0.1 M PBS (pH 7)
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only upto ~1 mM, whereas in DI water, it is soluble upto 20 mM.
Thus, the electrode is cycled to adsorb AQS on the surface at
different concentrations of AQS upto 20 mM.

The catechol adsorption was performed by the method re-
ported earlier by our group.*

2.4.2 KOH treatment. The catalysts were cycled in argon-
saturated 0.1 M KOH solution in the potential window of —1.0
to 0 V vs. Ag/AgCl at a scan rate 20 mV s~ for 20 cycles either to
activate or to electrochemically remove the adsorbed molecules.
The KOH-treated samples were then cleaned with 0.1 M PBS (pH
7) at 1600 rpm. The cleaned samples were used for recording the
adsorbed AQS or catechol voltammogram, as mentioned above.

2.4.3 Oxygen reduction reaction (ORR). The ORR voltam-
mogram was recorded in 0.1 M KOH solution in an RDE
configuration at 1600 rpm. Prior to the experiment, the solution
was saturated with oxygen by purging for 20 min. The voltam-
mogram was recorded in the potential window of —1.0 to 0.0 V
at a scan rate of 20 mV s~ .

2.5. Physical characterization

X-ray photoelectron spectroscopy (XPS) of the catalyst samples
was recorded with Kratos Analytical, UK spectrometer using Al
Ko radiation. The spectrum was fitted with XPS peak fit 4.1
software. The BET surface area of the porous catalysts was
measured using the Smart instrument BET surface analyzer
(Smart Sorb 92/93).

3. Results and discussion

3.1. Voltammograms of catechol-adsorbed and AQS-
adsorbed N/C 900

Fig. 1 shows the voltammograms of catechol-adsorbed N/C 900
catalyst recorded in catechol-free argon-saturated 0.1 M PBS
(pH 7) along with the respective background voltammogram in
the potential window of —0.65 to 0.55 V. The catalyst is cycled in
catechol solutions of different concentrations and then the
voltammogram of the catechol-adsorbed electrode is recorded
in argon-saturated 0.1 M PBS (pH 7). In the previous work, the
voltammograms of catechol-adsorbed electrode were recorded
in the potential window of —0.15 to 0.55 V, and 1 mM catechol
was used to adsorb catechol (shown in the inset of Fig. 1)."* The
origin of the two peaks observed in the voltammogram of
catechol-adsorbed electrode was discussed in detail in
a previous manuscript.” The experiment was performed on the
basis of the method proposed by Kanazawa et al, but with
minor modification.'® During the potential cycling of the cata-
lyst in the catechol solution, the in situ generated oxidized
products of catechol adsorb on the active sites of the catalyst.
Under the experimental conditions, it was observed that the
base of adsorption voltammogram matches with the back-
ground voltammogram and it was assumed that the active sites
on the catalyst surface binds with the catechol molecule.
Whereas, as shown in Fig. 1, at the extended potential
window of —0.65 to 0.55 V, with 1 mM and higher concentration
of catechol solution, the double layer region of the voltammo-
gram for adsorbed-catechol electrode expands and the
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Fig. 1 Voltammograms of background (gray) and catechol-adsorbed
N/C 900 after potential cycling in catechol solutions of different
concentrations (shown in different colors) in argon-saturated 0.1 M
PBS (pH 7) at 20 mV s~* scan rate. Inset shows the voltammogram of
catechol-adsorbed N/C 900 recorded in limited potential window
(—0.15 to 0.55 V) after potential cycling in 1 mM catechol along with
the background voltammogram (gray).

background correction is erroneous, as the straight-line
correction method is used to estimate the adsorbed-catechol
charge.

Table S11 shows the charge due to adsorbed-catechol on N/C
900 catalyst at different concentrations. The charge for the
catechol adsorption is estimated after the straight-line correc-
tion from the voltammogram of catechol-adsorbed catalysts as
shown in Fig. S1.} It increases with the catechol concentration
and almost saturates at ~6.8 mC with 100 mM and 200 mM
catechol concentrations

It is believed that, in case of the catechol-adsorption method,
the oxidized products generated with potential cycling adsorb
on the catalyst surface.'® Thus, instead of catechol or any other
reduced probes, if an oxidized compound, which adsorbs on
carbon can be supplied as the probe molecule, it can easily be
attached on the surface at lower concentration of redox species.
Also, the AQS-adsorption peak appears at such a potential,
where no side reaction like hydrogen evolution can take place.
Thus, AQS has been chosen as an adsorbate.

Similar kinds of experiments, as that with catechol molecule,
are performed at different concentrations to get the saturated
surface-coverage with the probe molecule. Fig. 2(a) shows the
voltammogram of N/C 900 catalyst recorded in the potential
range of —0.65 to 0.55 V in 0.1 mM AQS dissolved in 0.1 M PBS
(pH 7) solution (red). It takes ~40 potential cycles to get the
electrode surface saturated with AQS (overlapping voltammo-
grams). Whereas, while using the 1 mM AQS, the electrode
surface gets saturated by 4-5 potential cycles as shown in the
voltammogram of Fig. 2(b) (red). As the experiments are per-
formed on completely wetted surface of the catalyst, the incre-
ment of the current with potential cycles is due to the
accumulation of the AQS molecule on the catalyst surface.

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Voltammograms of N/C 900 recorded in argon-saturated 0.1 M
PBS (pH 7) at 20 mV s™% scan rate at different conditions. Background
CV (gray); cycling CVin 0.1 mM (a), and 1 mM (b) AQS (red); and CV of
AQS-adsorbed electrode after potential cycling in 0.1 mM (a) and 1 mM
(b) AQS (blue). Inset shows the overlapping voltammograms (oxidation
peak from the forward cycle) of the AQS-adsorbed electrode after
potential cycling in 0.1 mM and 1 mM AQS.

After potential cycling in bulk AQS solution, the electrode is
washed by rotating at 1600 rpm for an optimized time of 20 min
in 0.1 M PBS (pH 7) to remove the pore volume trapped-AQS, i.e.,
unbound or weekly bound AQS from the catalyst surface.
Subsequently, the electrode is potential cycled in 0.1 M PBS (pH
7) to record the voltammogram of AQS-adsorbed N/C 900,
shown in Fig. 2 (blue voltammogram). The integrated charge
from the voltammogram of AQS-adsorbed N/C 900 (blue) is
lower than that of the voltammogram of N/C 900 (red) recorded
in bulk AQS solution. The decrease in charge justifies the
requirement of washing the catalyst surface in AQS-free sup-
porting electrolyte prior to recording the voltammogram of AQS-
adsorbed electrode in 0.1 M PBS (pH 7).

The redox peak of voltammograms is centered at ~—0.44 V
and the possible redox reaction is a two-electron process, given
in Scheme 1.>°

For comparison, the oxidation peak from the voltammo-
grams of AQS-adsorbed N/C 900 after potential cycling in
0.1 mM and 1 mM AQS are shown in the inset to Fig. 2. The base
of the voltammograms of AQS-adsorbed electrode matches with

This journal is © The Royal Society of Chemistry 2019
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the background voltammogram at the lower and the higher
potentials. Thus, it is possible to correct for the background
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Scheme 1

charge properly and to calculate the charge due to surface-
adsorbed AQS correctly. The comparable charge (~1.40 mC)
from both the background corrected voltammograms of AQS-
adsorbed N/C 900 suggests that active sites of the catalyst are
saturated with AQS and it is assumed that each active site on the
catalyst surface adsorbs one AQS molecule; further evidence
towards the aforementioned is discussed below.

As the solubility of AQS in 0.1 M PBS (pH 7) is poor (~1 mM)
at room temperature, and it is ~20 mM in DI water, the N/C 900
is allowed to adsorb AQS from its aqueous solution of different
concentrations. Fig. 3 shows the voltammograms of the AQS-
adsorbed N/C 900 recorded in AQS-free 0.1 M PBS after poten-
tial cycling in three different concentrations of aqueous AQS
solutions (1, 10, and 20 mM). Inset to Fig. 3 shows the vol-
tammograms of N/C 900 electrode during the potential cycling
in water containing AQS solution. It is observed that the
oxidation and reduction current increase with the concentra-
tion of AQS during the potential cycling. Whereas, the oxidation
charge of the adsorbed species does not change as shown in the
respective voltammograms of AQS-adsorbed electrode. It
suggests that the active sites on the catalyst surface are
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Fig. 3 Voltammogram of AQS-adsorbed N/C 900 recorded in argon-
saturated AQS-free 0.1 M PBS (pH 7) at 20 mV s* scan rate after
cycling in AQS-containing DI water. Gray dotted line represents the
background voltammogram of N/C 900 recorded in AQS-free argon-
saturated 0.1 M PBS (pH 7). Inset shows the voltammograms of N/C
900 for the potential cycling in agueous AQS solutions of different
concentrations.
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saturated with AQS. Moreover, the charge due to oxidation of
adsorbed-AQS obtained after potential cycling in aqueous
solution of AQS is comparable with that of the catalyst cycled in
0.1 M PBS (pH 7) (~1.4 mC). It further confirms that the AQS
adsorbed on the catalyst surface is of same quantity (inset of
Fig. 2 and main figure of Fig. 3). Thus, it can be used to estimate
the active site density of the catalyst convincingly.
Furthermore, the problem related to the catechol-adsorption
method is investigated by replacing the surface-adsorbed AQS
with catechol molecule. This discussion is given in the ESL{

3.2. Recovery of the active sites

The active sites on the surface of the AQS-adsorbed electrode
can be recovered by cycling the electrode in argon-saturated
0.1 M KOH in the potential range of —1.0 to 0.0 V. Fig. 4
shows the cyclic voltammograms of the AQS-adsorbed N/C 900
in argon-saturated 0.1 M KOH media. After the initial 4-5 cycles,
no adsorption peak is observed. The cleaned catalyst is again
cycled in 0.1 M PBS (pH 7) to check the effectiveness of elec-
trochemical cleaning.

Fig. 5 shows the comparison of the voltammograms of AQS-
adsorbed N/C 900 and after recovery of the active sites by KOH
cleaning with that of the fresh N/C 900. AQS binds with the
surface during the adsorption. It is necessary to ensure that the
adsorbed molecule can be removed, after estimating the active
sites. For this, the KOH cleaning method is used. On a cleaned
electrode, AQS is adsorbed again by potential cycling (as in
Fig. 2). The electrode is washed to remove pore-volume trapped
AQS for 20 min. The voltammogram is subsequently recorded in
AQS-free 0.1 M PBS (pH 7) supporting electrolyte. Comparable
adsorption charge (~1.4 mC) is obtained for both voltammo-
grams in Fig. 5. The overlapping background voltammograms
of N/C 900 and that of the recovered surface as shown in the
inset of Fig. 5 supports the effectiveness of electrochemical
cleaning method.
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| | 1 1 | |
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Fig. 4 Voltammogram of AQS-adsorbed N/C 900 potential cycled in
argon-saturated 0.1 M KOH (pH 13) at 20 mV s~ scan rate.
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Fig. 5 Voltammograms of N/C 900 catalyst recorded in argon-satu-
rated 0.1 M PBS (pH 7) at 20 mV s~ scan rate at different conditions;
background (gray), AQS-adsorbed electrode (red), and with the
recovered surface (blue). The inset represents the comparison of the
background voltammograms of the initial and the recovered surfaces
of N/C 900 after electrochemical cleaning in KOH media.

3.3. Estimation of the active site density, electrochemically
active surface area (ESA) and wetted surface area of catalysts:
correlation with ORR activity

The voltammograms of AQS-adsorbed electrode is used to
estimate the active site density and ESA of the catalysts, and the
estimated active sites are correlated with their ORR activity. The
wetted surface area is estimated from the double layer capaci-
tance measured using the EIS in AQS-free argon-saturated 0.1 M
PBS (pH 7), where the electrochemical surface behaves like
a capacitor, and faradaic contribution is negligible. Nitrogen-
doped carbon catalysts are used initially for these estimations,
and thereafter, the data with HNO; treated catalysts are pre-
sented. At the end, the difference between the ESA and wetted
surface area are discussed.

3.3.1 Discussion on nitrogen-doped carbon catalyst

3.3.1.1 Voltammograms of AQS-adsorbed nitrogen-doped
carbon. The nitrogen-doped carbon catalysts are prepared by
the heat-treatment of the carbon in ammonia atmosphere at
various temperatures. The surface nitrogen content (at%) of the
catalysts measured from the XPS is provided in Table S3.f It
confirms that the carbon surface is doped with nitrogen. It is
observed that the surface nitrogen content is highest (~1.06
at%) for N/C 900 among all the nitrogen-doped catalysts. During
the heat-treatment, the BET surface area and surface oxygen
content (at%) of the nitrogen-doped carbon changes as shown
in Table S3} and it is in the order N/C 1000 > N/C 900 > N/C 800
>N/C 700 > C." The increment of BET surface area suggests that
the surface area increases with the heat-treatment temperature.

Fig. 6 shows the voltammograms of AQS-adsorbed nitrogen-
doped carbon recorded in argon-saturated AQS-free 0.1 M PBS
(pH 7) with their respective background voltammograms. To

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Voltammograms of the AQS-adsorbed N/C 700 (a), N/C 800
(b), N/C 900 (c), and N/C 1000 (d) in argon-saturated 0.1 M PBS (pH 7)
at 20 mV st scan rate. The dotted gray line represents the background
voltammogram of the respective catalyst.

estimate the charge due to adsorption of AQS, the background

voltammogram is subtracted from the voltammogram of AQS-
adsorbed electrode. The charge due to oxidation of the

This journal is © The Royal Society of Chemistry 2019
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adsorbed species is given in the respective figures and it is in the
order N/C 900 > N/C 1000 > N/C 800 > N/C 700. This order is the
same as that obtained in our previous work using catechol as
a probe molecule.” It was concluded that, N/C 900 has
maximum active sites (mainly the nitrogen, oxygenated groups,
edge sites etc.). Thus, the oxidation charge due to adsorbed-AQS
on the N/C 900 is highest among all the nitrogen-doped
catalysts.

The estimation method of active site density, ESA and the
wetted surface area of the catalysts are discussed in the
following section.

3.3.1.2 Estimation of the active site density, electrochemically
active surface area (ESA) and wetted surface area. The adsorption
charge measured from the voltammogram of AQS-adsorbed
catalyst is used to estimate the active site density by the
following eqn (1)."*

SDy (active sites per g)

_ Integrated CV area (A .V) x N (sites per mol)
n x scan rate (Vs™) x F (Cmol™) x m (g)

(1)

In eqn (1), SDy is mass specific site density, N is Avogadro
number (6.023 x 10> sites per mol), 7 is the number of elec-
trons, F is Faraday constant (96 485 C mol '), and m is the mass
of the catalyst (26.6 ng) loaded on the GCE. The estimated site
density per unit gram of catalyst is tabulated in Table 1. The
estimation method is based on the assumption that each active
site on the catalyst surface adsorbs one AQS molecule. The
number of electron transferred (n) is taken as 2 for the
calculation.

Eqn (2) is used to calculate the ESA of the catalysts and the
normalizing factor is 611 pC cm.~? (charge of unit surface area
on graphite). It is obtained by multiplying the carbon atomic
density (3.82 x 10" atom, cm. %) with the electronic charge
(1.6 x 10" C e ").152°

_ AQSuds Charge (C)
T2 x m(g)x 611 pC cm,2

ESA (em.* g™') (2)

The estimated ESA of the catalysts is tabulated in Table 1.

The wetted surface area is estimated using the EIS as re-
ported in the literature.'>*”*® In the Nyquist plot, the charac-
teristics of an ideal capacitor is a vertical line. Whereas, in case
of electrochemical capacitor, it generally starts with a 45° line
and approaches to a vertical line at low frequencies.***® For an
electrochemical capacitor, at low frequency, the capacitance
generally becomes almost constant as usually observed in the
capacitance vs. frequency plot.>® At very low frequencies, where
the imaginary part of the impedance dominates, the capaci-
tance value extracted from the Nyquist plot follows the same
trend as the capacitance measured from voltammetry or the
current charge/discharge curves.’*®* Thus, the double layer
capacitance (Cqj) is measured using the eqn (3) given below.

1

Co= -
¢ ZWfZimg

(3)
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Table 1 Electrochemically active surface area (ESA) and wetted surface area of the catalysts

Active site density

ESA (using adsorbed AQS) Ayet (using impedance)

Catalyst (10%° sites per g) (10* em> g™ (10" em.> g™
C 0.32 0.83 18.19
N/C 700 0.43 1.11 20.62
N/C 800 0.52 1.34 21.83
N/C 900 1.64 4.31 69.15
N/C 1000 0.78 2.04 58.21
HNO; treated C 0.33 0.86 105.76
HNO; treated N/C 900 0.64 1.66 188.01

In eqn (3), the Z;y,, is the imaginary part of the impedance.
The impedance data is recorded in the argon-saturated 0.1 M
PBS (pH 7) at 0.2 V. The measured double layer capacitance (Cq)
of the catalysts is tabulated in Table S4.7 The potential 0.2 V is
chosen to record the impedance because no faradaic process is
observed at this potential.

The wetted surface area of the sample is calculated using the
measured double layer capacitance (Cq;) from EIS using the eqn
(4).27,28

Awel

Cd] = 8()&}7 (4)

In eqn (4), & and ¢, are the absolute and relative dielectric
permittivities of value 8.854 x 10~ "> F m~ " and 7 (the relative
permittivity for inner Helmholtz layer), respectively. Ay is the
wetted surface area, and d is the double layer thickness (~0.2
nm).

3.3.1.3 Oxygen reduction reaction on the nitrogen-doped
carbon in 0.1 M KOH media. The ORR voltammograms are
recorded in oxygen-saturated 0.1 M KOH medium for the
nitrogen-doped carbon catalysts. Fig. S5 shows the ORR vol-
tammograms of the nitrogen-doped carbon samples along with
their Tafel plots as shown in our previous work.” The kinetic
current for the ORR is tabulated in Table 2. A comparison plot of
active site density and ORR activity of different catalysts is
provided in Fig. S6.t

It is observed that for nitrogen-doped carbon catalysts, the
estimated ESA (in Table 1), wetted surface area (in Table 1) and
the ORR activity of the catalysts (in Table 2) are in the order N/C
900 > N/C 1000 > N/C 800 > N/C 700.

To further confirm the effectiveness of the proposed method,
experiments were performed on the HNO; treated catalyst and
is discussed in the following section.

3.3.2 Discussion on HNO; treated catalysts

3.3.2.1 Voltammograms of AQS-adsorbed HNO; treated cata-
lysts: differentiation between electrochemically active surface area
(ESA) and wetted surface area. As representative catalysts, carbon
and N/C 900 are treated with HNOj;. The surface-nitrogen and
oxygen content estimated from the XPS and the measured BET
surface area are tabulated in Table S3.} After HNO; treatment,
the nitrogen content in the carbon sample does not change. But
the oxygen content increases from ~ 1 to ~ 11 at%. Whereas, for
N/C 900, the oxygen content increases from ~5.48 to ~16 at%.
The BET surface area of the both catalysts decreases after acid
treatment (69% HNOs) and it is in the order of N/C 900 > C >
HNO; treated N/C 900 > HNO; treated C. Similar observation
was reported by another group as well.”® It is found that the
impurities from the carbon surface are removed on treatment
with low concentration of HNO; and the BET surface area
increases. On treatment with HNO; of higher concentration, the
BET surface area decreases due to blocking of the pores and the
surface is occupied with oxygenated groups.*

Fig. 7 shows the voltammograms of AQS-adsorbed carbon
and N/C 900 along with that of the HNO; treated samples. The
estimated charge due to adsorbed-AQS is given in the respective
figures. After HNOj; treatment of the carbon catalyst, almost no
change is observed in the charge due to adsorption of AQS,
whereas, it decreases after HNO; treatment for N/C 900. The
measured active site density changes from 1.64 x 10%° to 0.64 x
10%° sites per g for N/C 900 catalysts as given in the Table 1. One
of the possible reasons may be the decrement in the BET surface
area of the N/C 900 from ~ 460 m”> g~ ' to ~125 m> g~ ', possibly
due to blocking of the pores. Whereas, after HNO; treatment,
the wetted surface area of the carbon and the N/C 900 catalyst
increases significantly in comparison to their non-treated
sample. The estimated wetted surface area is given in Table 1.

Table 2 Kinetic current density and the turnover frequency (ToF) of the catalysts towards the ORR

ORR current density I (mA cm, %)

TOF (at —0.25 V ToF (at 0.8 V

Catalyst at —0.25 V vs. Ag/AgCl vs. Ag/AgCl) (e™ per site per s) vs. RHE) (e™ per site per s)
C 0.260 0.36 0.019
N/C 700 0.593 0.63 0.033
N/C 800 1.044 0.92 0.072
N/C 900 6.039 1.69 0.248
N/C 1000 2.246 1.32 0.148
HNO; treated C 0.371 0.53 0.020
HNO; treated N/C 900 1.302 0.37 0.021
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Fig.7 Voltammograms of the AQS-adsorbed C (a), N/C 900 (b), HNOs treated C (c), and HNOs3 treated N/C 900 (d) in argon-saturated 0.1 M PBS
(pH 7) at 20 mV s~ ! scan rate. The dotted gray line represents the background voltammogram of the respective catalyst.

Thus, while comparing, it is observed that the wetted surface
area of the catalysts increases after HNO; treatment, though,
the ESA does not follow the same trend.

In the next section, a comparison of the activity towards the
ORR is shown for carbon and N/C 900 with their respective
HNO; treated catalysts.

3.3.2.2 Comparison of oxygen reduction reaction on the HNO;
treated and untreated catalyst in 0.1 M KOH media. The ORR
voltammograms are recorded in oxygen-saturated 0.1 M KOH
medium. Fig. 8 shows the comparison plot of the ORR vol-
tammograms for carbon and N/C 900 along with their HNO;
treated catalysts. The Tafel plots are shown in the inset of the
Fig. 8. The activity of catalysts is tabulated as kinetic current in
Table 2.

After HNO; treatment, the activity of the carbon is almost
constant and the activity of N/C 900 decreases; the trend is N/C
900 > HNOj; treated N/C 900 > HNO; treated C = C. This order is
the same as the ESA of the catalysts estimated using the AQS-
adsorption technique; the wetted surface area does not follow
the same order.

Thus, it can be concluded that the ESA of the catalyst is
different from that of wetted surface area of the catalyst; using
AQS adsorption method active site density can be estimated.

3.3.3 Estimation of turnover frequency (ToF). The turnover
frequency (ToF) of the catalysts in e™ per site per s towards ORR
is calculated using the eqn (5).

Iy (fixed By = SDM X TOF (fixed B) X € (5)

This journal is © The Royal Society of Chemistry 2019

In eqn (5), Iy is the mass activity (A g ), the kinetic current
normalized by the mass of the loaded catalyst on the glassy
carbon electrode, SDy; is the site density (sites per g), and e is
the electronic charge (1.6 x 10~ C).
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Fig. 8 ORR voltammograms of C and N/C 900 with their respective
HNOs treated catalysts recorded in oxygen-saturated 0.1 M KOH
solution (pH 13) at a scan rate of 20 mV s~* at 1600 rpm. Inset shows
the Tafel plot of the respective catalysts.
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The ToF value at —0.25 V vs. Ag/AgCl is calculated using the
eqn (5) based on the site density measured using the adsorbed-
AQS and is given in the Table 2. Except N/C 900 and N/C 1000,
all the other catalysts show low kinetic current density (below
0.1 mA cm, ) at 0.8 Vvs. RHE. Thus, the ToF values needs to be
extrapolated for other catalysts. The obtained ToF value at
—0.25 V vs. Ag/AgCl is extrapolated to 0.8 V vs. RHE using the
eqn (6) given below.'*3>

ToF (0.8 V vs. RHE) = ToF (0.5 V vs. Ag/AgCl)

—n 10
X exXp {m (Eo.s vs. RHE

— Eps . Ag/AgCl):| (6)

The estimated ToF values towards ORR of the catalysts at
0.8 Vvs. RHE are tabulated in Table 2. It is observed that for the
carbon and nitrogen-doped catalysts the ToF value is in the
range of 0.019-0.248 e~ per site per s, which is slightly lower
than the previously reported value using the catechol-
adsorption method (0.059-0.568 e~ per site per s)."* The esti-
mated ToF values for carbon and nitrogen-doped carbon cata-
lysts are almost one to two orders of magnitude lower than that
reported with Fe-N/C catalysts (~1.5 or 1.6 e~ per site per s)
using nitrite adsorption and combined Mdssbauer and CO
adsorption methods.>'> Guo et al. reported the ToF values for
the nitrogen-doped HOPG and nitrogen-doped graphene at
0.5 Vvs. RHE and it is 0.07-0.14.?° Instead of ESA, the active BET
surface area of the catalysts was taken for normalization. The
active BET surface area was calculated by multiplying the BET
surface area with possible active nitrogen content in the cata-
lysts estimated using the XPS.

4. Conclusions

Voltammograms of AQS-adsorbed carbon and nitrogen-doped
carbon surfaces are recorded in the argon-saturated 0.1 M PBS
(pH 7) solution. The charge due to adsorbed-AQS represents the
active site density, viz., the ESA and it is in the order of N/C 900 >
N/C 1000 > N/C 800 > N/C 700 > C. A similar trend is observed for
the activity towards oxygen reduction reaction recorded in
alkaline media. Besides, the turnover frequency (ToF) of the
catalysts towards oxygen reduction is calculated using the esti-
mated charge. The ToF is in line with the data reported using
other methods in the literature for NPMCs. Moreover, carbon
and N/C 900 catalysts are functionalized by the HNO; treat-
ment. It is observed that, after functionalization, though the
double layer capacitance or the wetted surface area of the
catalyst increases, the ESA for the carbon is almost constant and
for the N/C 900 catalyst it decreases; the ORR activity of the
catalysts follows the same trend. It suggests that the wetted
surface area and the ESA do not follow the same trend.

In comparison to catechol adsorption method, AQS provides
single, reproducible, and saturated voltammetric peak for
adsorption over a broader concentration range and potential
window. No unwanted side reaction is observed, which makes
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the process more reliable. Furthermore, the surface-adsorbed
AQS can be removed easily by the proposed electrochemical
cleaning method; the clean surface can be used for further
electrochemical characterization.
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