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Mesoporous carbons containing up to 3.6 at.% N and 4.4 at.% O and exhibiting graphitic character have
been prepared from Ni(II) and Fe(II) phthalocyanines by direct pyrolysis or by HTC + pyrolysis, and sub-
sequently applied as supercapacitor materials. No mesoporous templates or doping post-treatments were
used, and the catalytic effect of Ni(Il) and Fe(Il), naturally present in the precursor molecules, allowed
obtaining graphitic carbons at temperatures < 900 °C. Metals were encapsulated in the core of onion-like
structures with no contact with the electrolyte, so that electrodes were prevented from degradation dur-
ing device operation. The materials exhibited high rate capabilities up to 1 V s, higher interfacial capac-
itances than a wide variety of materials possessing higher surface areas, and high capacitance retentions
up to 99% at 5 A g~! current density throughout 10 000 charge-discharge cycles. The electrochemical per-
formances of the phthalocyanine-derived carbons are due to their graphitic character and to the pseudo-
capacitance contribution of the surface groups through Faradaic reactions. This work opens a new way to
obtain carbon materials from a great family of metal phthalocyanines, since the central metal and the
radicals of the latter can be varied to tune the carbon properties for specific applications.
© 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Metal phthalocyanines are macrocyclic, planar and aromatic
complexes of tetrabenzoporphyrazin nature. Most metals have
already been introduced at the centre of phthalocyanine macrocy-
cles by slightly changing the synthetic procedure. Depending on
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the central metal, reactivity, electronic and magnetic properties, as
well as biological functionality of the resultant complexe may
change significantly [1,2]. From their discovery in 1928, metal
phthalocyanines have been widely used as commercial dyes and
pigments, and more recently as electrocatalysts for fuel cells [3],
as models for coal char combustion and pyrolysis [4], as precursors
for producing carbon nanotubes [5,6], as photosensitisers for pho-
todynamic therapy [7], as electrode materials for energy storage
[8,9], or as components in solar photovoltaic cells [10].

Lately, the use of phthalocyanines to store energy in superca-
pacitors has attracted increasing attention due to their pseudoca-
pacitive behaviour. Metal phthalocyanines have been primarily
used as additives to increase the capacitance of carbon materials,
such as multi-walled carbon nanotubes (MWCNTSs). Nanocompos-
ite films based on Ni(Il) tetra-aminophthalocyanine (NiTAPc) and
MWCNTs were found to yield high specific capacitances in 1 mol
L~! H,S0,4 electrolyte thanks to the nitrogen-containing groups
on the phthalocyanine ring [8]. Electro-polymeric nickel tetra-
aminophthalocyanine (polyNiTAPc) was also supported on
MWCNTs and the resultant composite, MWCNT-polyNiTAPc,
exhibited excellent stability up to 1000 cycles of charge-
discharge [9]. Nevertheless, little work exists on the use of phthalo-
cyanines as precursors of carbon materials and the application of
the latter as capacitor electrodes. Metal phthalocyanines based
on either Ni, Fe, Co or Mn were used to prepare CMK-3 - type
ordered mesoporous carbons (OMCs) exhibiting high graphitic
character by a hard-templating method [11]. One of these materi-
als exhibited considerably higher electrochemical performances in
0.5 mol L~! H,S0, than an amorphous CMK-3 material obtained
from sucrose with the same silica template, and also presented
higher resistance to oxidation owing to its highly graphitic charac-
ter. However, preparing the silica template is expensive and its
removal by dissolution with either HF or NaOH is necessary for
recovering the carbon. The latter procedure further increases the
cost of the synthesis, generates toxic products, and is therefore
not easily scalable at the industrial level.

Hydrothermal carbonisation (HTC) is an environment-friendly
technique usually carried out inside autoclaves at mild tempera-
tures (<250 °C) under self-generated pressure, and using water or
other poorly hazardous solvents [12]. Given that the reaction is
exothermic, the consumption of thermal energy is very low com-
pared to other methods. HTC is a particularly useful method to
convert complex structures that do not suffer any structural dis-
ruption below 180 °C, such as cellulose, lignin or lignocellulosic
biomasses, and subsequent pyrolysis of the obtained hydrochars
gives rise to carbon materials that have been extensively investi-
gated as supercapacitor electrodes [12-14]. Other uses included
the production of chemicals like phenolic compounds and aldehy-
des, which can be subsequently processed by bio-refineries
[15,16], and the obtention of metal/carbon catalysts from mixtures
of carbohydrates and metal salts followed by pyrolysis, which are
suitable for a broad range of applications [17-19].

Given the high chemical stability of metal phthalocyanines, HTC
would be an excellent “green” method to increase their reactivity
in mild conditions of pressure and temperature, simply using
water as solvent. Moreover, the central metal of the phthalocya-
nine can be selected for catalysing the graphitisation of the resul-
tant carbon material at temperatures lower than those generally
required for that purpose, which are typically higher than
2000 °C [20-22]. Catalytic graphitisation using metals such as Fe
or Ni therefore saves energy, decreases the synthesis cost, is easy
to proceed, and can be applied to carbons considered as non-
graphitisable in usual conditions of thermal treatment [23]. Using
Fe(II) or Ni(II) phthalocyanines (Fig. 1) as simultaneous carbon pre-
cursor and graphitisation catalyst should also ensure an excellent
mixing, at the atomic scale, of carbon source and metal catalyst,

which strongly influences the extent of the graphitisation process
[24].

The aim of the present work was to evaluate the synthesis of N-
doped graphitic carbons from Fe(II) and Ni(II) phthalocyanines and
investigate their electrochemical properties in terms of energy
storage in capacitors. The carbon materials were obtained either
by direct pyrolysis of metal phthalocyanines at 800 or 900 °C, or
by submitting them first to HTC in water, followed by pyrolysis
at 900 °C. The resultant carbons contained nitrogen and oxygen,
and exhibited mesoporous textures whereas neither additional
doping post-treatment or mesoporous templates were used, and
also exhibited high graphitisation degrees, despite their low tem-
peratures of pyrolysis. This work opens a new way to transform
a broad range of metal phthalocyanines, their derivatives, as well
as other organometallic complexes into graphitic carbon materials.

Experimental section
Materials preparation

Nickel(II) phthalocyanine (90% purity), iron(Il) phthalocyanine
(85% purity), hydrochloric acid (37% v/v), carbon black powder
(<100 nm) and sulphuric acid (98% v/v) were purchased from Sig-
ma — Aldrich. Polytetrafluoroethylene (PTFE) and glass fibre sepa-
rator were provided by Aldrich and Pall Life Sciences,
respectively. All the materials were used as received.

The carbon materials were synthesised from Ni(Il) or Fe (II)
phthalocyanines through two different procedures:

(i) Hydrothermal carbonisation (HTC) + pyrolysis: Ni(Il) or Fe
(II) phthalocyanines (2 g) were added to a certain volume
of water (16 mL), and the resultant mixture was placed in
an autoclave and thermally treated under autogenous pres-
sure (180 °C, 24 h). The solid was recovered by filtration,
dried (105°C, 12 h) and pyrolysed under nitrogen flow
(900 °C, 1 h, 80 mL N, min~', 2 °C min™").

(ii) Direct pyrolysis: Ni(Il) or Fe(Il) phthalocyanines (1 g) were
directly pyrolysed under nitrogen flow (800 or 900 °C, 1 h,
80 mL N, min~?, 2°C min~1).

The obtained carbons were subsequently treated with a 1 mol
L~! HClI solution to remove the surface metals, then thoroughly
washed with distilled water until neutral pH, and finally dried in
a ventilated oven (105 °C, 12 h). The final materials were called
PMeST, where Me is the metal (Ni or Fe); S the synthesis method
(H for materials obtained through HTC, or D for those directly
pyrolysed), and T is the final temperature of pyrolysis (800 or
900 °C).

Materials characterisation

Nitrogen adsorption-desorption isotherms were obtained at
—196 °C using a Micromeritics ASAP 2020 automatic system. Car-
bon dioxide adsorption isotherms were measured at 0 °C with a
Micromeritics ASAP 2420 device. The surface areas were calculated
by applying two models to the nitrogen adsorption isotherms: (i)
the BET method, leading to Ager (m? g~ '), and (ii) the Quenched
Solid Density Functional Theory (QSDFT) [25], leading to Sgsprr
(m? g~). The total pore volume, Vosprr (cm® g=1), were calculated
from the pore size distributions obtained through the QSDFT
model. The micropore volumes were calculated by applying the
Dubinin — Radushkevich (DR) equation to the nitrogen isotherms,
leading to V.2 (cm3 g 1), and to the carbon dioxide isotherms,
leading to V},co2 (cm® g~1). The mesopore volumes were calculated
as the difference Vosprr - (V<07 + Vo7-2).
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Fig. 1. (a,b) Nitrogen adsorption (full symbols) — desorption (empty symbols) isotherms of the carbon materials; and (c,d) corresponding pore size distributions derived by
application of the QSDFT method to the data shown in (a,b). The chemical structure of Ni(Il) and Fe(Il) phthalocyanines are shown at the top of the figure, on the left and right,
respectively. Their molecular formula are C3,H;6NgNi and C3,H;NgFe, respectively, and their molecular weight are 571.23 and 568.36 g mol !, respectively.

Thermogravimetric analysis (TG) of the HTC-treated phthalo-
cyanines was carried out with a Netzsch STA 449F3 Jupiter
microbalance by heating ~20 mg of sample under a flow of either
argon or synthetic air (40 mLmin!) up to the final temperature
(900 °C, 2 °C min~1).

XRD patterns were collected by a Bruker D8 Advance X-ray
powder diffractometer working in Bragg-Brentano configuration
and equipped with an X-ray source with a Cu anode working at
40 kV and 40 mA and an energy-dispersive one-dimensional detec-
tor. The diffraction patterns were obtained over the 20 range of 10°
to 80° with a step of 0.019°. The assignation of crystalline phases
was performed based on Joint Committee on Powder Diffraction
Standards. DIFFRAC.EVA software supports a reference pattern
database derived from Crystallography Open Database (COD) and
the Powder Diffraction File (PDF) for phase identification.

Raman spectroscopy was carried out using a Horiba XploRa
Raman spectrometer without sample preparation. The spectra
were collected under a microscope using a long-distance 50 x ob-
jective. The Raman-scattered light was dispersed by a holographic
grating with 1200 lines/mm and detected by a CCD camera. The
laser used a wavelength of 532 nm, corresponding to an incident
energy of 2.33 eV. The laser was filtered at 1.0% of its nominal
power, thus corresponding to 0.14 mW applied to the sample. This
value is a compromise between a too high power leading to some
visible changes of spectra with time, suggesting heating and dam-

age of the sample under the laser beam, and a too low power for
which the signal / noise ratio would have been poor. Each spec-
trum was obtained by accumulation of two spectra recorded from
800 to 3700 cm™! over 180 s. It was systematically checked that no
significant difference was observed when the analysis was per-
formed at different, visually comparable places of the same sample,
suggesting the homogeneity of the materials.

Scanning electron microscopy (SEM) images were obtained
with a FEI XL30 SFEG electron microscope, and EDX analyses were
carried out with an Oxford Instrument (80 mm?) EDS SDD XMAX
detector at 15 kV over an average surface of ~25 x 25 pm. All sam-
ples were metallised with carbon to ensure the evacuation of elec-
tric charges under the beam. The secondary electron images were
taken with an acceleration voltage of 3 or 5 kV to account for the
extreme surface of each sample, and an acceleration tension of
10 kV was applied to visualise the distribution of iron and nickel
using backscattered electrons.

Transmission electron microscopy (TEM) images were obtained
with a Jeol ARM 200F (cold FEG operating at 80KkV) electron
microscope.

Elemental analysis was performed with an Elementar Vario EL
Cube analyser.

X-ray photoelectron spectroscopy (XPS) spectra were recorded
with an ESCAPlus OMICROM system equipped with a hemispheri-
cal electron energy analyser. The spectrometer was operated at
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10kV and 15 mA, using a non-monochromatised MgK, X-Ray
Source (hv = 1253.6 eV) and under vacuum (<5 x 10~° Torr). Anal-
yser pass energies of 50 and 20eV were used for survey and
detailed scans, respectively. Binding energies were referenced to
the Cl1s peak (284.5 eV). A survey scan (1 sweep [ 200 ms dwell)
was acquired between 1100 and 0 eV. Current region sweeps for
Ni2p, Fe2p, O1s, Cls and N1s were obtained. The CASA data pro-
cessing software allowed smoothing, Shirley-type background sub-
traction, peak fitting and quantification. Atomic percentages of
each element were calculated from intensity ratios using Scofield
sensitivity factors [26].

Electrochemical characterisation was performed with a Biologic
VMP3 electrochemical workstation. For that purpose, electrodes
(10 mg cm~2, 0.5 cm diameter) were prepared from a paste con-
taining the finely pre-ground carbon material, polytetrafluo-
roethylene (PTFE) binder and carbon black in the weight percent
ratio of 85:10:5, and they were afterwards impregnated with the
electrolyte (2 mol L~! H,SO,, 4 days) under vacuum.

The electrical conductivity of these electrodes was measured by
using the four-probe method with a Keithley 6430 sub-femto-
ampere source-measure unit. The carbon electrodes had a diame-
ter of 0.6 cm and their thickness, of about 0.3 mm, was determined
as the average value of ten measurements using a Keyence LK-G32
non-contact profilometer. Electric contacts were ensured by cop-
per wires glued with silver paint to the opposite faces of the sam-
ples. The imposed current was chosen in the range for which
Ohm'’s law was strictly obeyed, and the measurements were sys-
tematically corrected for thermoelectric effect.

Contact angle of the carbon electrodes with the 2 mol L~! H,SO,
electrolyte was measured at room temperature with a Kriiss DSA
100 Drop Shape Analyser.

Results and discussion
Physicochemical characterisation

The nitrogen adsorption-desorption isotherms of the materials
were type-IV and exhibited H4-type hysteresis loops above relative
pressure of about 0.4, characteristic of capillary condensation in
mesopores (Fig. 1). H4-type hysteresis loops are generally associ-
ated with either slit-like pores, particles with internal voids of
irregular shape and broad PSDs, or hollow spheres with walls com-
posed of ordered mesoporous silica [27]. The carbons displayed
broad PSDs in the micropore region, up to 2 nm, and narrow PSDs
in the mesopore region, between ~3 and 4 nm. Increasing the
pyrolysis temperature from 800 to 900 °C produced a decrease of
surface area, except for PNiH900, and the corresponding increase
of the mesoporous fraction of the directly pyrolysed samples of
both series (Table 1). This can be explained by the release of vola-
tile matters and the resultant higher relative amount of metal in
the final material. The samples PNiH900 and PFeD800 exhibited
the highest BET areas, 210 and 220m? g~!, respectively, and
PNiH900 and PFeD900 presented the highest mesopore fractions
of each series, 66.4 and 78.3%, respectively. Moreover, the presence
of narrow porosity in the carbons was negligible, as the values of
Ager and Sqsprr Were similar to each other. The phthalocyanine-
derived materials presented BET areas similar to those or Fe-con-
taining carbon spheres obtained by HTC (200°C, 3 h) of olive
stones in the presence of iron salts (with Fe /| C molar ratio of
0.05), and subsequently pyrolysed at 600-800 °C [28].

The materials carbonised at 800 °C presented higher total yields
than those carbonised at 900 °C, in agreement with the loss of vola-
tiles at higher temperatures. The total yields, #, were higher for the
materials obtained from the nickel phthalocyanine than those
derived from the iron phthalocyanine, and the treatment of the

precursors by HTC had a different effect depending on the metal:
the preliminary HTC increased the total yield of the material
obtained from nickel phthalocyanine, PNiH900, with respect to
the material directly pyrolysed, PNiD900, while it was lower for
the equivalent materials obtained from iron phthalocyanine,
PFeH900 and PFeD900, respectively. According to these results,
the influence of HTC on the porosity of the materials was different,
depending on the metal phthalocyanine used as precursor.

X-ray diffraction (XRD) was used to identify the crystal phases
of the materials, and the corresponding patterns are displayed in
Fig. S1 (Supporting Information). The samples of the PNi series
were very similar to each other, exhibiting elemental nickel and
graphite, irrespective to the synthesis method used. It suggests
that Ni(Il) phthalocyanine was decomposed into NiO and carbon,
and that NiO was subsequently reduced by carbon into elemental
nickel at high temperature [29,30]. The PFe series samples exhib-
ited graphite and metallic iron, but also various iron carbides and
oxides, depending on the synthesis method used. Thus PFeH900,
prepared by HTC + pyrolysis, exhibited Fe,O3; (maghemite) and
Co.12Fe1 s (martensite), while PFeD800 and PFeD900, prepared by
direct pyrolysis, presented FesC (cohenite). The formation of iron
oxides and iron carbides is indeed normally favoured by HTC, as
evidenced by other works [28].

The quantification of the different crystalline phases of PNiH900
and PFeH900 was carried out through Rietveld’s refinement using
the TOPAS software, and the results are shown in Fig. S2 (Support-
ing Information section). The metal composition was 25.2% Ni and
13.9% Fe for PNiH900 and PFeH900, respectively, and the crystal
size of both metals was very similar, 59 and 64 nm, respectively,
indicating that both materials were obtained in similar conditions.
Graphite exhibited two contributions: trigonal graphite (C
graphite-3R) and hexagonal graphite (C graphite-2H). Interest-
ingly, PNiH900 exhibited a higher amount of trigonal graphite than
hexagonal graphite, 43.3 and 31.5%, respectively. This is a very
uncommon fact since it is well known that trigonal graphite usu-
ally appears as a minor phase in graphitic carbons and mainly in
those that have being damaged by milling. The major component
in PNiH900 was graphite, while the major components in PFeH900
were iron-based phases (Fig. S2). This suggests that iron exerted a
higher catalytic effect towards the gasification of carbon, as con-
firmed by TG analysis (see below). Still, the crystal size of trigonal
and hexagonal graphite in PFeH900 was higher than in PNiH900,
suggesting also the higher efficiency of iron than nickel for carbon
graphitisation. This was confirmed by Raman spectrometry (see
below). For both PFeH900 and PNiH900, however, the crystallite
size of trigonal and hexagonal graphite was very low, indicating
the nearly absence of long-range order in these carbon materials.

The dgo, values of the PNi series samples calculated from the
peak located at around 26.2°, which is assigned to hexagonal gra-
phite, were 0.342, 0.339 and 0.336 nm for PNiD800, PNiD900 and
PNiH900, respectively (Fig. S3 in Supporting Information). For the
samples of the PFe series, PFeD800, PFeD900 and PFeH900, the
dooz values were 0.340, 0.339 and 0.338 nm, respectively. There-
fore, the samples directly heated from 800 to 900 °C were slightly
more graphitic, as expected, and even more so when prepared by
HTC + subsequent pyrolysis at 900 °C since the values of dgg;, val-
ues of PNiH900 and PFeH900 were the closest to that of graphite,
0.335 nm.

The TG and DTG curves in argon or air of the samples prepared
by HTC are shown in Fig. S4a and S4b, respectively. The pyrolysis of
the hydrochars obtained from the Ni(Il) and Fe(Il) phthalocyanines
in argon gave rise to 3 and 5 main weight loss steps, respectively.
The progressive sublimation of a-phase into B- phase phthalocya-
nines might occur up to 550 °C [31,32]. In the case of iron phthalo-
cyanines, for example, a mixture of a-and B-polymorphic states
normally exists up to ~400 °C, the o-state progressively disappear-
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Table 1

Textural parameters and total yields of the studied carbons.
Sample Aggr N Vasprr Vo7 Vo.7-2 foNz focoz Vm % Vimicro % Vineso n

[m?/g]” [m?/g]” [em®/g]” [em®/g]”) [cm?/g]®) [em?/g]” [cm?/g]®) [em?/g]") [Vol.%]" [Vol.%]” [%]9

PNiD800 196 218 0.15 0.03 0.03 0.08 0.06 0.09 42.63 57.37 58.75
PNiD900 178 193 0.16 0.02 0.03 0.07 0.04 0.11 33.56 66.44 35.79
PNiH900 220 239 0.20 0.03 0.03 0.09 0.05 0.14 32.15 67.85 38.33
PFeD800 210 213 0.14 0.02 0.06 0.08 0.05 0.07 52.40 47.60 37.73
PFeD900 171 168 0.18 0.01 0.03 0.06 0.04 0.14 21.69 78.31 30.14
PFeH900 188 186 0.19 0.01 0.04 0.07 0.03 0.14 27.58 72.42 26.17

3 Aggr = specific surface area calculated through BET equation;

oz

V<7 and

Sasprr = specific surface area calculated by applying the Quenching Solid Density Functional Theory (QSDFT) to the nitrogen isotherms;
Vasprr = total pore volume calculated by applying the QSDFT to the nitrogen isotherms;

) Vy.7-2 = volume of micropores with size lower than 0.7 nm and between 0.7 and 2 nm, respectively, calculated by applying the QSDFT to the nitrogen isotherms;
f VN2 = micropore volume calculated by applying the Dubinin - Radushkevich (DR) equation to the nitrogen isotherms;
8 Vy.co2 = micropore volume calculated by applying the Dubinin - Radushkevich (DR) equation to the carbon dioxide isotherms;

Vm = mesopore volume calculated as Vgsprr — (V<o.7 + Vo.7-2);
D % Vimicro = percentage of micropore volume;

D % Vineso = percentage of mesopore volume;

1 = total yield.

ing as the temperature increases so that only the B-state remains at
~550°C [32]. The presence of PFe hydrochar particles, PFe-HTC,
exhibiting more defects and/or lower size than those of the PNi
hydrochar, PNi-HTC, can contribute to the higher weight loss of
the former compound up to 450 °C [32]. The highest weight loss
up to 550 °C is due to the transport in vapour phase of phthalocya-
nines and possibly to the loss of a few volatile matters, between
~200-300 °C, which are swept out to the cold part of the reactor.
This weight loss is higher for PFe-HTC than for PNi-HTC, 29.4%
and 8.1%, respectively [33,34]. The weight losses above 500-
550 °C are mainly assigned to the release of nitrogen groups and
non-aromatic hydrocarbons, due to the break-up of the phthalo-
cyanine phenyl rings [32], and the reduction of metallic ions to ele-
mental metals may also take place above 600 °C [28]. 59.3 wt% of
the initial weight of PNi-HTC remained at 900 °C whereas
38.8 wt% remained for PFe-HTC. As indicated above, the carbonisa-
tion yields of the samples were 50.2 and 34.2%, respectively. Both
values differ by 15.3 and 11.9%, respectively, mainly due to the
process of vapour phase transport, which takes place in a greater
extent when submitting the materials to carbonisation in the
quartz reactor located inside the tubular oven flushed by inert
gas than in the small crucible of the TG instrument.

The TG and DTG curves in air showed two weight loss steps at
400-600 °C for PNi-HTC and at 450-680 °C for PFe-HTC, which cor-
respond to the decomposition and oxidation of the phthalocyanine
structure [35]. PNi-HTC was more reactive towards the oxidising
atmosphere, since the initial decomposition temperature was
lower than for PFe-HTC [4]. It has been demonstrated that the cen-
tral metal greatly influences the catalytic properties of the phthalo-
cyanine complexes towards thermal oxidation reactions, and Ni
seems to catalyse such decomposition in air faster than Fe [36].
The remaining weight fraction of the final products were 20.6
and 21.6 wt% at 900 °C for PNi-HTC and PFe-HTC, respectively, cor-
responding to more or less stoichiometric nickel and iron oxides
[28].

SEM pictures show that the phthalocyanine-derived materials
were composed of particles with irregular size and shape that were
highly agglomerated, making it difficult to determine an average
particle size (Fig. S5 of Supporting Information). EDX analysis
was performed in at least 12 points of each sample, see Figs. S6
and S7 of the Supplementary Information. As expected, carbon
was the main element for all materials, with a range of about
91-96 at.%. PNiD800 and PFeD800 presented average contents of
3.30 and 1.15 at% N, 2.03 and 2.18 at.% O, and 2.71 at.% Ni and
2.00 at.% Fe, respectively. The oxygen concentrations slightly

increased for the samples directly pyrolysed at 900 °C and for those
prepared through HTC + pyrolysis at 900 °C, 2.25+0.16 and
3.24 +0.96 at.% O, respectively; however, the nitrogen concentra-
tions considerably decreased down to 0.82+0.78 at.% and
0.97 £ 0.80 at.% N, respectively, and so did the metal concentra-
tions, 0.99 + 0.34 at.% Ni and 0.55 £ 0.13 at.% Fe, respectively. The
chemical distribution of carbon, nitrogen and oxygen was quite
homogeneous, while iron and nickel were mainly detected in the
core of the particles (Fig. 2). Such a chemical distribution is consis-
tent with the HRTEM images of the materials, which clearly display
quasi-spheres of iron or nickel surrounded by a carbon shell having
a graphitic structure (Fig. 3). The distance between the correspond-
ing carbon layers was estimated at ~0.34 nm from the inset of
Fig. 3, i.e., slightly higher than that of perfect graphite, 0.335 nm,
as expected. In both cases, the metal-encapsulated carbon spheres
coexisted with onion-like structures and graphitic carbon nanorib-
bons (Fig. 3a and b). Similar structures have been previously
obtained by annealing at 900 °C dehydro[18]annulenes containing
a ferrocene cycle [37].

The catalytic effect of iron and nickel on carbon graphitisation
above 1000 °C has been widely demonstrated elsewhere, but it
seems to be favored even at lower temperatures, 800 and 900 °C,
when both metals are intimately mixed with carbon as it is obvi-
ously the case in phthalocyanines [28,38]. Undoubtedly, the highly
aromatic character of the phthalocyanine structure may contribute
to favour the graphitisation of the materials.

The Raman spectra evidenced a first-order part, ranging from
1000 to 1800 cm™!, and a second-order part, ranging from 2200
to 3400 cm™! (Fig. 4). The first-order Raman spectra of the materi-
als treated at the lowest temperature, 800 °C, presented an intense
and broad D band and a slightly less intense but narrower G band,
typical of disordered carbons. The D bands were centered at
1342.8+1.0cm™! and 1346.9+0.0cm™! and the G bands were
centered at 1591.1+1.0cm™! and 1587.2 #5.0cm™! for the PNi
and PFe series samples, respectively. The I(D)/I(G) ratios were cal-
culated from the maximum intensities of the D and G bands and
were plotted for the two series of samples (Fig. S8 in Supporting
Information). The presence of Ni and Fe in contact with carbon is
expected to produce the catalytic graphitisation of the latter, and
therefore the observed decrease of the I(D)/I(G) ratio indicates that
these materials are indeed in the graphitisation regime [39]. In this
condition, the I(D)/I(G) ratio is inversely proportional to 1/L,,
where L, is the crystallite size along the carbon layers [40]. As
expected, increasing the temperature thus logically improved the
structural ordering of the carbon at the nanoscale, whether the
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Fig. 2. Chemical mapping of elements (C, O and Ni or Fe) determined by SEM-EDX present in PNiD900 (left) and PFeD900 (right).

Fig. 3. High-resolution TEM images of PNiD900 (left) and PFeD900 (middle), prepared by direct pyrolysis. The inset at the right is a zoom on the PFeD900 carbon shell.
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Fig. 4. First- and second-order Raman spectra of the studied materials: (a) PNi series; (b) PFe series. The intensities were normalised with respect to the D band and the
spectra were shifted for clarity.

metal was Ni or Fe. In the case of Fe, the preliminary HTC treatment ment with the lower dyg, observed from XRD results. It is not clear
(PFeH900) improved the graphitisation of the PFe series, since yet why the hydrothermal treatment had not exactly the same
PFeH900 presented a lower I(D)/I(G) ratio than PFeD900, in agree- effect on Ni-derived carbons, and it may be conjectured that the
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different Lewis acidic character of Ni(Il) and Fe(Il) played a role
when the materials were submitted to hot pressurised water
conditions.

Considering the 2nd-order part of the Raman spectra led to the
same conclusions as above. The very broad band from ~2500 to
~3300 cm ™' of sample PNiD800 was very poorly structured, and
such feature is typical of a highly disordered carbon. This band,
called S1, is known to split into two bands when the structure of
carbon acquires a tri-periodic order [41], i.e., involving an order
in the way the carbon layers are stacked. The appearance of two
small peaks instead of a broad one in the 2nd-order part of the
spectra of PNiH900 and PFeD800 suggests the better organisation
of these materials with respect to PNiD800. The carbon nanotex-
ture was even more ordered in PFe samples treated at 900 °C, since
the corresponding spectra presented narrow bands and very well
defined second-order parts. Especially, the band near 2700 cm™',
called 2D because it is an overtone of band D, which was more
developed in PFeH900. This band is assigned to edge planes [42],
so that an increase of its intensity is related to a higher degree of
graphitisation and indicates the development of a graphitic nano-
structure [43]. The growth of the D + D’ and 2D’ bands near 2930
and 3200 cm™!, respectively, is one more proof of the formation
of a defective graphitic nature of PFe samples treated at 900 °C
[44]. In summary, Fe-based phthalocyanines always led to more
graphitic structures than Ni-based phthalocyanines carbonised at
the same temperature, especially when a preliminary HTC step
was carried out.

The bulk chemical composition of the materials was deter-
mined by elemental analysis (Table 2). Increasing the pyrolysis
temperature from 800 to 900 °C for the directly pyrolysed samples
produced a slight decrease of nitrogen and oxygen concentrations
and an increase of carbon and metal contents. Assuming that met-
als remain in the materials in this range of temperature, these find-
ings are consistent with the loss of thermally unstable nitrogen and
oxygen groups from the surface. Since oxygen is not present in
phthalocyanine molecules, the oxygen found in the materials is
expected to come from oxidation of carbon defects and edges with
air and/or from the impurities of the raw precursors [4]. The sam-
ples prepared through HTC + pyrolysis, PNiH900 and PFeH900,
exhibited higher amounts of nitrogen and oxygen than the samples
directly pyrolysed at 900 °C, PNiD900 and PFeD900. This may indi-
cate the formation of nitrogen and oxygen groups during HTC that
are more thermally stable than those formed through direct pyrol-
ysis [45]. Moreover, the amount of metal removed from PNiH900
and PFeH900 by acid etching was higher than for the other sam-
ples, likely indicating that the metal was more accessible.

Very low concentrations of metals were detected by XPS at the
surface of the materials (Table S1 in Supporting Information). The
surface concentration of nickel was 0.2-0.3 at. % in the PNi series,
and that of iron was 0.1-0.4 at.% in the PFe-derived samples. The
respective signals for both metals were so weak that the quantifi-
cation was inaccurate, and the surface concentrations might thus
be even lower. In the case of iron, for example, the curve fitting

Table 2
Chemical composition of the materials obtained by elemental analysis.

was impossible for PFeD800 and PFeD900. Given that nickel con-
centrations up to 17.9 wt% (4.0 at.%) and iron concentrations up
to 20.0 wt% (4.81 at.%) were measured in the material bulk, the
low metal concentrations found at their surfaces clearly indicates
that both metals are encapsulated inside carbon shells [46], as
already seen in Fig. 4.

Fitting the Ni2p region for PNiD800 and PNiD900 was also very
inaccurate due to the high nitrogen content of the samples, 3.6 and
2.1 at.%, respectively: the signal of the Auger electrons of nitrogen
was indeed very strong and interfered with the signal of Ni2p'/?,
located in the same region. In the case of PNiH900, fitting the
Ni2P'? region was more accurate because the N concentration
was lower, ~1.3 at.%, and the signal of Auger electrons of nitrogen
did not interfere so strongly. Thus, only the relative intensity fac-
tors of Ni2p>? were considered to fit the Ni2p high-resolution
spectra of PNiD800 and PNiD900, and the relative intensity factors
of Ni2p'? and Ni2p*? were considered to fit the Ni2p high-
resolution spectra of PNiH900.

The fitting of the peaks revealed the presence of various contri-
butions for the Ni2p*? region (Fig. S9 in Supporting Information).
The corresponding binding energies, BE (eV), and relative areas, A
(%), are given in Table S1 (Supporting Information). The Ni2p
high-resolution spectra of PNiD800 and PNi900 presented the
peaks II(1), assigned to Ni% II(2), assigned to NiO; and III(3),
assigned to Ni-C complexes. No shake-up peak was obtained
despite the presence of NiO, which can be due to the low surface
concentration of nickel. In the case of PNiH900, the existence of
the shake-up peak evidenced the presence of oxidised nickel spe-
cies, NiO and Ni-C. No Ni® was found for this sample. The Ni-C peak
is assigned to a Ni-C complex but also to Ni,Os; the latter is highly
unstable and may originate from the oxidation of Ni(II) by the XPS
radiation [47]. Two oxidised Ni species were thus identified by XPS
on the surface of the PNi series samples, but only Ni® was identified
by XRD. These observations are not contradictory, since XRD gives
information about the material bulk and only detects crystallised
compounds, whereas XPS investigates the material surface and
its sensitivity is higher than that of XRD.

The Fe2p high-resolution spectrum of PFeH900 exhibited com-
plex multiplet splitting and presented satellite features, which
allowed determining the oxidation states of iron (Fig. S9 in Sup-
porting Information). Due to the low intensity of the emission line,
the Fe2p>? region of the spectrum was only fitted by two peaks
and the shake-up satellite, instead of the six peaks that can be nor-
mally used for Fe>* and appearing at this BE [48]. The two peaks
obtained, II(1) and II(2), indicate the presence of Fe(Ill), likely in
the form of Fe,03 [49].

The Ni2p and Fe2p high-resolution spectra are consistent with
the O1s high-resolution spectra of the samples (Fig. S10 in Sup-
porting Information). The latter indeed presented three contribu-
tions: O(1) peak, assigned to metal-oxygen bonds in metal oxides
[49,50]; O(2) peak, assigned to C=0 double bonds in quinone-
type groups, carbonyls and carboxylic acids; and O(3) peak related
to —OH bonds in phenols, to C—0—C ether groups and to C=0

Sample Elemental Analysis [wt%]
C N (0] H S Metal* Metal removed*

PNiD800 79.51 4.45 4.58 0.45 0.00 11.60 3.21

PNiD900 88.82 2.57 3.27 0.24 0.00 5.28 11.04

PNiH900 85.55 3.57 4.02 033 0.00 6.48 11.39

PFeD800 85.52 2.37 5.07 0.32 0.00 8.30 5.66

PFeD900 94.59 0.83 2.67 0.11 0.00 2.66 11.77

PFeH900 89.17 1.80 4.39 0.31 0.03 4.00 15.95

" Calculated by difference.
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bonds in ester and anhydride groups [51]. The assignations for the
peaks of the C1s and N1s high-resolution spectra are typical of car-
bon materials (Figs. S11 and S12 in Supporting Information), and
can be found in Table S1 (Supporting Information). In general,
the most abundant nitrogen groups on the material surface were
pyridinic (N6 peak), pyrrolic (N5 peak) and quaternary nitrogen
(NQ peak). Samples prepared with the same procedures exhibited
interesting chemical similarities: PNiD800 and PFeD800 possessed
the highest amounts of N6 and N5, PNiH900 and PFeH900 the
highest amounts of metal-oxygen compounds, and PNiD900 and
PFeD900 the highest amounts of NQ. Although the concentration
of carbonyls and quinones was not very different among the stud-
ied carbons, PNiD900, PFeD800 and PFeH900 exhibited the highest
concentrations.

From the above results, it was confirmer that both nickel and
iron are essentially located in the core of carbon particles, in other
words, are encapsulated. Nickel is mainly in the form of Ni° but
iron is found simultaneously in the form of Fe®, iron oxides and
iron carbides. The low concentrations of nickel and iron that can
be detected on the material surface are partially oxidised.

Electrochemical characterisation

Cyclic voltammetry (CV) tests were performed in a two-
electrode cell at scan rates between 1 and 1000 mV s~! within
the potential window of 0-1V and using 2 mol L~! H,S0, as elec-
trolyte. The specific capacitance of the two-electrode system ((2e,
F g~!) was calculated from the CV curves according to Eq. (1):

C2e = < / mv) /(sAVm) (1)

where I (A) is the current, s (V s71) is the scan rate, AV (V) is the
potential window and m (g) is the mass of carbon in the electrodes.
The gravimetric capacitance for a single electrode (C3e, Fg~!) can be
estimated through Eq. (2):

C3e=4xC2e (2)

The CV curves and the results of specific capacitance of the
studied electrodes are shown in Fig. S13 (Supporting Information).
The CV curves presented quasi-rectangular shape in the entire
range of scan rates, with no obvious redox peaks associated to Far-
adaic reactions of the surface groups (Fig. S13a-b). This suggests
that the energy was mainly stored by an electric double-layer
capacitance (EDLC) mechanism, i.e., based on ion adsorption. When
the scan rate increased from 1 to 1000 mV s}, the CV curves of the
PNi-derived electrodes became somewhat distorted but still
retained a rectangular shape (Fig. S13a). In the case of the PFe-
derived electrodes, the CV curves had a rectangular shape for
PFeH900 and PFeD900, but were highly distorted for PFeD800.
The rectangular shape of the curves at the highest scan rate of
1V s~ ! indicates a fast ion transport and high rate capability of
the samples, which is of great importance for practical devices.
The highly distorted CV profile of PFeD800 suggests that this sam-
ple exhibits the highest ion transport resistivity and the lowest rate
capability out of all present materials.

The values of specific capacitance at the lowest scan rate of
1mVs~! seemed to be more related to the preparation method
than to the type of metal phthalocyanine. PNiD800 and PNiH900
exhibited the highest capacitances of ~14 Fg~! (C3e =56 F g 1), fol-
lowed by PFeD800 and PFeH900, ~13 F g~! (C3e=52F g~ !). How-
ever, PNiD900 and PFeD900 displayed the lowest specific
capacitances of their respective series, 11 and 6 F g~! (C3e =44
and 24 F g ') (Fig. S13c—d). On the contrary, the capacitance reten-
tion values at the highest scan rate of 1V s~! seemed to be more
related to the type of phthalocyanine. The PFe series carbons

exhibited the highest capacitance retentions of 73.0 and 72.4%
for PFeD900 and PFeH900, respectively, with the exception of
PFeD800 that attained only 36.8% (Fig. S13f). These values were a
bit smaller for the PNi-derived materials, which exhibited capaci-
tance retentions between 56.0 and 61.7% for PNiH900 and
PNiD800, respectively (Fig. S13e).

Galvanostatic charge-discharge (GCD) experiments were stud-
ied in a two-electrode cell within the potential window 0-1V.
The GCD curves were obtained at current densities between 0.2
and 12 A g1, based on the total mass of the two electrodes. From
these measurements, the gravimetric capacitance, C2e (F g7!) was
calculated by applying Eq. (3):

C2e = I/[m(dV /dt)] 3)

where I (A) represents the discharge current, dV/dt (V s71) is the
slope of the discharge curve without considering the voltage drop,
IR (V), due to the inner resistance at the beginning of the discharge
process, and m (g) is again the mass of carbon in both electrodes.

In general, the GCD curves of the samples exhibited quasi-
triangular profiles typical of carbon materials, thus indicating that
ion storage mainly occurred through an EDLC mechanism
(Fig. 5a—b). However, the GCD curve of PFeD800 slightly deviated
from the triangular shape, especially the discharge curve, and this
could indicate the occurrence of a pseudocapacitance contribution
to the total capacitance. The GCD curves recorded at 5 A g~! exhib-
ited a sudden potential drop, or IR drop, at the beginning of the dis-
charge process, which is attributed to the cell resistance, R
(Fig. 5—b). The values of specific capacitance at the lowest current
density of 0.2 A g~! were also more related to the preparation
method than to the type of metal phthalocyanine (Fig. 5c—d).
PNiD800 and PNiH900 displayed the highest capacitances of the
PNi series, 15F g7! (C3e=60F g ') and 12F g7! (C3e=48F g7,
respectively, and PFeD800 and PFeH900 the highest ones of the
PFe series, 14F g7! ((3e=56F g~!) and 12F g7! (C3e=48F g7 ),
respectively. Moreover, PNiD900 and PFeD900 also presented the
lowest specific capacitances of their respective series, 9F g~!
(C3e=36F g!) and 6 F g7! (C3e=24F g 1), respectively. The
decrease of capacitance with increasing current densities is due
to the increasing ohmic resistance of the electrolyte in the axial
direction of the micropores (Fig. 5c—d). This is related to the
increased potential difference between the mouth and the bottom
of the micropores as the current density increases, thus decreasing
the ion diffusion in the micropores [52]. Among the studied mate-
rials, PFeD900 and PFeH900 yielded the highest capacitance reten-
tions of 80.0 and 84.5%, respectively, at the highest current density
of 12 A g~!. The PNi-derived electrodes exhibited capacitance
retentions between 60.5 and 77.6% for PNiD800 and PNiH900,
respectively, and PFeD800 presented the lowest capacitance reten-
tion out of all materials, 36.5%. These results are in agreement with
those obtained from the CV tests, discussed above.

The energy density, E (Wh kg™!), and the power density, P (W
kg™!), were calculated from the GCD tests at current densities
ranging from 0.2 to 12 A g ' by applying Egs. (4) and (5),
respectively:

E=1/2C2e AV, (4)

P =E/Aty (5)

where C2e (F g ') represents the specific capacitance calculated
from Eq. (3) that considers the carbon mass in the two electrodes,
AV, (V) is the operation voltage calculated as Vy,qx — IR, where IR
(V) is again the voltage drop due to the inner resistance at the
beginning of the discharge process, and Aty (s) is the discharge time.
The cycling stability was also studied through GCD tests at the cur-
rent density of 5 A g~! up to 10 000 cycles of charge-discharge. The
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Fig. 5. Galvanostatic charge-discharge (GCD) results obtained with 2 mol L~! H,SO, electrolyte within the potential window 0-1 V: (a,b) GCD curves recorded at 5 A g~"'; (c,

d) Specific capacitance values from 0.2 to 12 A g~'; (e,f) Ragone plots.

specific capacitance for a given GCD cycle and the capacitance
retention were determined by using Eq. (3).

As expected, the samples exhibiting the highest capacitances
determined by GCD presented the highest energy densities, that
is, PNiD800 and PNiH900, and PFeD800 and PFeH900 (Fig. 5e—f).
Among the studied materials, PFeH900 exhibited the highest
energy and power densities in the entire range of current densities:
the energy densities varied in the range of 1.7-1.2 W h kg~! under
the power outputs of 140.3-6537.5 W kg~ !, respectively. PFeD800
presented high energy density at low current, but it sharply
decreased above 1 A g7!, as well as the power densities, and
PNiD900 and PFeD900 presented the lowest energy and power
density values of both series.

In a general way, the capacitance values obtained by CV and
GCD, and then the energy densities obtained by GCD, can be
explained in terms of the Sqprr values, since both parameters are
directly related. PNiD900 is an exception, given that it should yield
at least a similar capacitance to that of PFeH900, according to its
surface area. The capacitance retentions can be related to the

mesopore fraction, % Vpeso, Of the materials. It is generally accepted
that mesopores facilitate diffusion of electrolyte ions towards
micropores, thus increasing the capacitance retention both at high
scan rates and at high current regimes. In this sense, the sharp
capacitance decrease of PFeD800 when both scan rates and current
densities increase can be mainly attributed to its low mesopore
fraction of 37.7%. However, the capacitance retention of PFeD900
should be higher than that of PFeH900, according to its higher
mesopore percentage of 78.3%.

In order to clarify these observations, the IR drop of the materi-
als was calculated from the GCD curves obtained at current densi-
ties between 0.2 and 12 A g~ . The cell resistance was determined
through the slope of the straight lines obtained by plotting the IR
drop as a function of discharge current (Fig. S14a—b in Supporting
Information). Interestingly, there is a clear relationship between
Ry and energy and power densities of the electrode materials:
the samples displaying the highest cell resistances, PNiD900,
PFeD800 and PFeD900, also presented the lowest energy and
power density values, especially at high current. PNiD800 and
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PNiH900 exhibited similar cell resistances R.; and, consequently,
similar E and P densities, and PFeH900 exhibited the lowest R,
and the highest E and P densities out of all materials. R.; comprises
the electrolyte resistance, the intrinsic resistance of the active
material, and the interfacial contact resistance between the active
material and the current collector [53]. As the same electrolyte was
used in all cases, the observed differences should be mainly
explained by differences in the intrinsic resistance of the carbon
electrodes and in the interfacial contact between the active mate-
rial and the current collector. It is well known that the electrical
conductivity of the carbon electrodes is a key parameter to
enhance the charge transfer between the electrode and the current
collector, thus leading to an improvement of the energy and power
density of the supercapacitor [54]. Surprisingly, PNiD900 and
PFeD900 electrodes presented the highest electrical conductivities,
0.53 and 0.43 S cm ™!, respectively, but their capacities and energy
densities were the lowest of both series (Fig. S15 in Supporting
Information). In principle, it is expected that electrical conductivity
is affected by oxygen moieties due to their electron-withdrawing
nature [55,56], but no conclusive data have been published so
far. For example, on the one hand, the removal of hydroxyl and
epoxide groups from the basal plane of potentially insulating GO
has been related to an increased electrical conductivity [57,58].
But, on the other hand, the presence of low concentrations of oxy-
gen groups on carbon blacks, such as in the present study, was
proved to have a very limited influence on the electrical conductiv-
ity [59]. Regarding the nitrogen groups, the general consensus con-
cludes to the enhancement of the electrical conductivity by NQ
groups, since each of them gives ~0.5 electrons to the 1 network
of the carbon lattice, which can be considered as n-type doping.
Nevertheless, it has been recently observed that the coexistence
of electron-accepting N6 and N5 moieties with electron-donating
NQ ones, may weaken the n-doping effect of NQ by reducing the
electron mobility with respect to pristine graphene, thus in turn
decreasing the electrical conductivity [60]. Consequently, the val-
ues of electrical conductivity of the studied samples may be mainly
attributed to the combination of the graphitisation degree of the
carbon materials and of the relative amounts of N6, N5 and NQ
moieties. It may also be recalled that PNi-derived samples con-
tained elemental metal, whereas those of the PFe series were also
rich in oxides, thus decreasing their conductivity further. PNiD900
and PFeD900 yielded the highest conductivity values due to their
high graphitic character, low N6 and N5 concentrations, and high
NQ concentrations, while the opposite situation occurred in the
case of PNiD800 and PFeD800. A denser packing of the carbon par-
ticles or a higher obstruction of the pore entrance by PTFE binder in
PNiD900 and PFeD900 may hinder the ion transport through the
electrodes and increase R, despite possessing higher electrical
conductivities than the other materials. This fact, together with
their low surface areas and their comparatively lower concentra-
tions of electroactive groups, such as N6 and N5, may contribute
to the lower capacitances and energy densities of both samples
with respect to those of their respective series.

The cycling stability of the samples was exceptionally high,
98 +1 and 99 + 0% for the PNi and PFe series, respectively, at 5 A
g~! up to 10000 cycles of charge-discharge (Fig. S14c—d). Reen
slightly increased with the number of cycles for all the samples
(Fig. S15e), but the energy and power densities remained essen-
tially the same throughout the 10 000 cycles of charge-discharge
at 5 A g~! (Fig. S14f). It is noteworthy that the cycling stabilities
of the materials published in this work are similar than those
reported for 3D CNT-supported graphene nanoarchitectures
exhibiting higher BET areas of 418 m? g~!, which yielded capaci-
tance retentions of ~98% after 10 000 cycles of charge-discharge
in 1 M H,SO4 [61]. Clew-like porous carbons obtained by catalytic
graphitisation of sucrose with nickel acetate and submitted to fur-

ther activation attained lower capacitance retentions of 86.6-94.3%
after 5000 cycles at a lower current density of 0.5 Fg~! in 6 M KOH,
despite possesing higher surface areas up to 691 m? g~ ! [62].
Mesoporous carbon microspheres obtained from resorcinol-for-
madehyde resins through catalytic graphitisation with nickel
nitrate at 900 °C and subsequent activation also exhibited much
lower capacitance retentions of ~90% after only 500 cycles of
charge-discharge at lower current densities of 1 A g~! and using
6 M KOH as electrolyte, whereas their BET areas were higher than
1000 m? g~! [29]. It is also remarkable that, while the synthetic
processes applied to prepare these materials are complicated, use
hazardous precursors or need activation to further develop their
porosities, the materials synthesised in the present work were sim-
ply obtained from phthalocyanines by direct carbonisation or by
HTC in water + carbonisation without any activation step.

Interfacial capacitance was used to estimate the participation of
surface groups to the total capacitance through pseudocapacitance,
the latter being proportional to the surface heteroatom concentra-
tion. The interfacial capacitances of the materials were calculated
by dividing the specific capacitances obtained at different scan
rates by the surface areas obtained by application of the QSDFT
method, C/Sgsprr [14]. The samples directly carbonised at 800 °C,
PNiD800 and PFeD800, exhibited the highest interfacial capaci-
tances of their respective series in the entire range of scan rates,
while PNiD900 and PFeD900 exhibited the lowest ones
(Fig. 6a—b). This suggests that the surface chemistry of the materi-
als contributes to the total capacitances through the occurrence of
Faradaic reactions at the electrode surface, which allows storing
the energy through a pseudocapacitance mechanism. The values
of C/Sqsprr at different scan rates were plotted versus the content
of the different groups observed at the material surface, and the
best correlation was found with the concentration of N + O surface
groups (Fig. 6¢c—f). Among the nitrogen groups, N6 and N5 con-
tributed to increase the capacitance of the materials through pseu-
docapacitance (Fig. S16a—b in Supporting Information), as well as
the oxygen groups determined by O(2) and O(3) (Fig. S16c—d in
Supporting Information). The correlation between the interfacial
capacitances and the amount of metals was not conclusive. Consid-
ering that metals were surrounded by carbon, and given the extre-
mely low metal concentration observed at the materials’ surface, it
is highly probable that the contact of metal with electrolyte is neg-
ligible so that they can never contribute to the capacitance through
Faradaic processes. Metal encapsulation by carbon has proved to
be highly effective to prevent the degradation of the metal by the
electrolyte during the cycling life of the derived supercapacitors,
as evidenced by the extraordinary high capacitance retentions
attained by the phthalocyanine-derived materials after 10 000
cycles of charge-discharge. Interfacial capacitances defined as the
ratio C/Ager were also calculated for comparison with previously
reported data (Fig. S17 in Supporting Information). The phthalo-
cyanine-derived materials yielded higher interfacial capacitances
than those attained not only by materials with similar BET areas,
such as iron-catalysed graphitic mesoporous carbons in 6 M KOH
electrolyte [24] or iron-catalysed biomass-derived carbons in
1 M KOH electrolyte [63], but also by materials with much higher
BET areas, such as activated carbon aerogels in 30% KOH electrolyte
(Ager = 1418 m? g~ ) [64], nickel-catalysed graphitic activated car-
bons in 1 M H,S0, electrolyte (Ager=1558-1622 m? g~ !) [65] or
nickel-catalysed mesoporous carbon microspheres in 6 M KOH
electrolyte (Aggr = 1088-1096 m? g~1) [29]. The pseudocapacitance
contribution of the surface groups through Faradaic reactions and
the graphitic character of the materials contribute decisively to
the comparatively higher electrochemical performances of the
phthalocyanine-derived carbons.

The different concentrations of N and O groups of the carbons
had no obvious effects on the wettability of the electrode surfaces
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Fig. 6. (a,b) Interfacial capacitance, C/Sqsprr, obtained from CV curves at scan rates between 1 and 1000 mV s~';

heteroatoms (N, O, metal, and N +0).

by the electrolyte, 2 mol L~ H,SO,, since the contact angle was
higher than 90° in all cases (Fig. S18 in Supporting Information).
This means that the interaction of the electrodes with the elec-
trolyte was hydrophobic, which agrees with the graphitic character
of the carbons and their homogeneous mixture with the binder,
PTFE. Complete impregnation was therefore guaranteed by keep-
ing the electrodes with the electrolyte during 4 days under
vacuum.

Conclusion

Nickel and iron phthalocyanines gave rise to N,0-co-doped car-
bons having high mesopore fractions, narrow pore size distribu-
tions between ~3 and 4 nm, and graphitic carbon structures, by
simply carbonising them at 800 or 900 °C, or by submitting them
first to HTC in water, followed by pyrolysis at 900 °C. Neither addi-
tional N-doping post-treatment or mesoporous templates were
required, and low pyrolysis temperatures were enough to obtain
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graphitic carbon thanks to the presence of Ni or Fe, naturally pre-
sent in the precursors, and which acted as graphitisation catalysts.
The PNi materials were composed of elemental nickel and gra-
phite, irrespective of the synthesis method used, while the PFe
materials contained graphite, metallic iron and various carbides
and oxides depending on the synthesis method. Iron seemed to
be more effective as catalyst because of the higher size of graphite
crystallites and the main presence of iron-based phases in the
materials, whereas nickel produced an extraordinarly high level
of trigonal graphite, which is generally a minor phase in carbons.
In both cases, graphite lacked long-range order and was mainly
forming graphitic carbon nanoribbons and onion-like structures.
Both nickel and iron were encapsulated in the core of the
onion-like structures, with no contact with the electrolyte and
with no effect on energy storage. The studied phthalocyanine-
derived carbons presented unusually high cycling stabilities,
exhibiting capacitance retentions up to 99% after 10 000 cycles of
charge-discharge, and yielded higher electrochemical perfor-
mances than a wide variety of materials with much higher surface
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areas, which is mainly assigned to their graphitic character and to
the pseudocapacitance contribution of the surface groups.
Therefore, this work opens a new way to transform a broad
range of metal phthalocyanines, their derivatives, as well as other
organometallic complexes into graphitic carbon materials.
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