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ABSTRACT

The use of Sargassum spp. as raw material for the synthesis of metal-free electrocatalyst
was studied. Besides, it offers an interesting alternative to low cost commercial activated
carbons with applications in generation and storage energy. In this work, physicochemical
and electrochemical properties of pyrolyzed, activated and doped carbons synthesized
from this abundant seaweed have been studied. Graphitic carbon formation after pyrolysis
was confirmed by Raman spectroscopy. SBET increase after activation and doping treat-
ment was corroborated by BET. Electrochemical analyses demonstrated that the SAC
sample exhibits the highest ORR activity and showed a current density (4.78 mA cm?)
close to commercial 20 wt% Pt/C (5.6 mA cm?) evaluated at the same conditions. More-
over, SDO sample shows the better onset potential (0.852 V vs. RHE), which is in accordance
with the content of N-pyridinic bonds on its surface. These results suggest that SDO and

Pyrolysis SAC biocarbons from Sargassum spp. are a promising cathode material for fuel cells.
© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
" and 16 million tons of brown algae [1]. In the last years,
Introduction

extensive pelagic Sargassum spp. inundation covered tourist
beaches in Caribbean, Gulf of Mexico, West African, and Bra-

Oceans have approximately half of the global biodiversity, so
they can be considered as a potential source of resources.
Therefore, seaweeds are renewable and abundant source of
carbon and other heteroatoms. Thus, seaweeds annual pro-
duction has been calculated about 2.6 million tons of red algae
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zilian by more than a meter of seaweed [2]. These massive
beaching events began recording strongly since 2011 [3]. Eco-
nomic impacts on the tourist industry of the Mexican Carib-
bean suggest that it is urgent to generate alternatives for the
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use of this abundant waste from the sea. Thus, Sargassum spp.
can be considerate a prolific source of carbon and other
compounds (N = 2—6%) [4]. Therefore, its study as raw ma-
terial in the field of energy conversion and storage is inter-
esting and promising.

Pyrolysis is the most common process for converting
biomass into carbon. This process does not require advanced
technology, and often is performed at temperatures between
400 and 1000 °C in a controlled atmosphere (N, or Ar). In this
way, pyrolysis process is a very feasible option to obtain bio-
carbons from abundant biomass wastes as Sargassum spp.,
which is currently deposited in large quantities on the bea-
ches of Cancun Quintana Roo Mexico, and has no commercial
use. However, biocarbons obtained from pyrolysis have low
porosity and low specific surface area; therefore, it is neces-
sary an additional treatment of activation by chemical or
physical methods to increase the potential use of pyrolytic
carbons [5].

Carbon is widely used as support for electrochemical en-
ergy conversion in fuel cells and batteries. Several types of
carbons have been studied as electrocatalyst support of Pt
alloys or non-precious transition metal to reduce or replace Pt
[6]. Recently, novel nitrogen-doped carbons (N-carbons) have
emerged as the most promising metal-free electrocatalyst for
cathodes of alkaline fuel cells. It has been reported that N-
carbons have high performance for the ORR in alkaline and
acid media. These electrocatalyst are an attractive alternative
due at their low cost, high stability and environmental
friendly [7]. Incorporation of nitrogen into carbon lattice
modified the properties of carbon support providing high
electrical conductivity and excellent capacitive performance.
Fermi level is shifted to the valence band with N incorpora-
tion, thereby facilitating the electron transfer [8]. Nitrogen-
doped carbons has been synthetized in situ during the car-
bon synthesis using N precursors as dicarboxylic acids [9],
citric acid [10], amino acids [11] or hydrazine. Chemical
deposition of N and C precursors as melanin and amino sugars
is other explored method. The pyrolysis temperature allows
controlling the graphitization degree, surface area and the
nitrogen species formed [12].

N-carbons are the most reported metal-free electrocatalyst
for the ORR. However, doped carbons with boron, sulfur and
phosphorus for energy applications has been less explored
[13]. Recently, the use of biomass as C and heteroatoms source
has been proposed for the synthesis of metal-free electro-
catalyst and catalyst support. Chicken feathers [14], urine [15],
yeast cells [16], industrial waste from olive oil [17], soybeans
[18], zinc chloride promote soybeans [19], and ‘okara’ a
byproduct from tofu and soy milk production, which is
commonly used as feed for livestock or as natural nitrogen
fertilizer [20] have been explored as raw material of metal-free
electrocatalyst with promising electrochemical performance.
Huang et al. 2016, reported the use of Malachium aquaticum, a
plant from China as raw material for obtaining efficient N-
doped electrocatalyst for ORR. In their work, different pyrol-
ysis temperatures were evaluated (700 °C, 800 °C and 900 °C).
The sample pyrolyzed at 900 °C shows the best ORR perfor-
mance due to better active sites and superior electrical con-
ductivity regarding to the samples synthesized at lower
temperatures [21]. Also, the synthesis of N-doped porous

carbon aerogels using soy protein as C and N precursor has
been reported [22]. In addition, Enteromorpha algae is a green
macroalgae that can be accumulated in massive quantities,
this phenomenon is named as a “green tide” which can
damage the marine ecosystem. This abundantly available C
and N precursor was used to obtain a high-value-added
porous carbon structure, which was activated using KOH
and nitrogen atmosphere at 800 °C obtaining high specific
surface area.

The commercial costs of different carbon structures used
in electrocatalyst field are very varied, for instance, the price
(USD/gram) of Vulcan XC-72 is 1 USD/g and Pt/Vulcan on rises
to 69 USD/g [23]; activated charcoal (Sigma Aldrich), 1.8 USD/g;
MWCNT, 15 USD/g. In this work, we use Sargassum spp. as raw
material in the synthesis of N-doped porous carbon for metal-
free electrocatalysts for ORR in alkaline media. Activation and
doping was performed with KOH and hydrazine, respectively.
The aim of this work, in a first stage is to study the physico-
chemical and electrochemical properties of N-doped carbons
from Sargassum spp. and their performance as a potential
metal-free electrocatalyst for the ORR in alkaline fuel cells.

Experimental method
Metal-free electrocatalyst synthesis

Sargassum spp. was collected from the Caribbean beach, in the
Cancun and Playa del Carmen coasts, in Quintana Roo,
Mexico. Once collected was washed with distilled water and
ethanol to remove clay sands, dusts, sediments, shells and
pebbles. After, it was filtered and pulverized until an average
particle size around of 75 pm. The dried seaweed (RS sample)
was pyrolyzed in a tubular horizontal furnace at 700 °C during
90 min with a heating rate of 10 °C min~" under a nitrogen
flow of 50 mL min~" (SPY sample). SPY was subjected at two
treatments previously reported [24]. Doping treatment was
carried out dispersing 1 g of SPY in 30 mL of hydrazine (Sigma-
Aldrich, 50—60%). The dispersed solution was placed in a
sealed steel autoclave for the solvothermal treatment, this
was carried out at 180 °C during 24 h. Then, the powder was
recovered by filtration, washed with distilled water and dried
at 80 °C overnight (SDO sample). Otherwise, the activation
treatment was carried out mixing SPY and KOH (Sigma-
Aldrich, 90%) at a mass ratio 1:2; then was heated at 600 °C
during 90 min with increases of 8 °C min~' in N, atmosphere.
The sample was washed with 1 M HCI solution (Sigma-
Aldrich, 37%) to remove the residual alkali. Finally, the powder
was dried at 80 °C overnight (SAC sample).

Physical-chemical characterization

Nitrogen adsorption-desorption analysis was carried out in a
Quantachrome Nova 2200e. The Brunauer—Emmett—Teller
(BET) equation was employed to calculate the surface area of
the metal-free electrocatalysts. Prior to analysis the samples
were degassed at 200 °C during 8 h. Raman spectra was
recorded in a Thermoscientific DRX Raman with a HeNe gas
laser (A = 633 nm). Elemental analysis (C, H, N and S) was
carried out using a Thermoscientific Elemental Analyzer Flash
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2000. All the measurements were repeated tree times and the
value reported is the average value. Chemical surfaces
composition of RS and the metal-free electrocatalysts were
analyzed by X-ray photoelectron spectroscopy (XPS) using a
Thermoscientific K-Alpha equipped with an Al Ko X-ray
source. Functional groups on the carbon surface were deter-
mined by Fourier transform infrared spectroscopy (FTIR) with
Bruker FT-IR Tensor II. This analysis was carried out with the
ATR (Attenuated Total Reflection) accessory. Morphological
characterization was also carried out by Scanning Electron
Microscopy with a Philips XL30E SEM microscopy. The ther-
mogravimetric analysis (TGA) of all samples was carried out
using a Perkin Elmer TGA 800. TG curve was obtained under a
nitrogen atmosphere with a flow rate of 10 mL min~?, heating
rate of 10 °C min~" from 25 to 700 °C with a sample mass of
10 mg in a platinum pan. The mass loss rate in the derivative
form (DTG) was also calculated.

Electrochemical characterization

Electrochemical experiments were performed with a Biologic
VSP300 potentiostat in a conventional three-electrode test cell
at room temperature. An Ag/AgCl (KCl saturated) was used as
reference electrode and a platinum wire as counter electrode.
Working electrode was a 5 mm diameter glassy carbon
embedded in Teflon. Before measurements working electrode
was polish with 0.05 pm' alumina slurries to a mirror finish.
The homogeneous catalyst ink was made by mixture of 20 mg
catalyst, 60 pL Nafion ionomer solution and 1 mL ethanol. For
cyclic voltammetry (CV), window potential was chosen from
1.2 V to 0.05 V vs. RHE and 20 mVs ™" scan rates for 3 cycles,
also before measurements an activation treatment was done
at same potential window at 50 mVs~* scan rate for 40 cycles.
The 0.5 M KOH electrolyte was saturated with nitrogen gas.
ORR was performed using the rotary disc electrode (RDE)
technique at 1.2 to 0.05 V vs. RHE in O, saturated electrolyte for
25 min (5 mVs™%) at 200, 400, 800, 1200, 1600 and 2000 RPM
rotation rates.

Results and discussions
Thermogravimetric analysis

TGA analysis revealed the changes occurred during Sargassum
spp. pyrolysis treatment, providing useful information about
the reactions involved in this process. Sargassum spp. pyrol-
ysis can be divided into four stages. Fig. 1 shows mass TG and
derivate mass DTG curves of RS sample. Stage I occurs be-
tween 50 and 150 °C, in which evaporation of water and some
light volatiles of biomass takes place. Stage II happens at
150—250 °C where the decomposition of some volatile com-
ponents were progressively released, resulting in a slightly
weight loss and the formation of the main pyrolytic products.
Also, polymerization and vitrification transformation process
would take place [25]. The pyrolysis mainly happened in the
stage III between 250 and 550 °C, this stage is known as
devolatilization stage and the process corresponds to lost
mass of the majority organic compounds of Sargassum spp.
associated with carboxylic acid, phenolic species, methane
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Fig. 1 — TGA and DTG curves of Sargassum spp. (RS) in

nitrogen atmosphere.

and CO, [26]. Carbonaceous matter as solid residual in Stage IV
(temperatures above 550 °C) indicates that the sample is
mainly composed by coke and ash. The sample at 700 °C
shows a TG curve was nearly flat, then, this temperature is
appropriate for the Sargassum spp. pyrolysis treatment.
Approximately 40 wt% of the initial material remained after
pyrolysis treatment, which indicates high yields for this pro-
cess using Sargassum spp. Table 1 summarizes the most
important pyrolytic features of RS sample; these parameters
are calculated from the DTG profile [27].

Morphology

Morphological features were observed by SEM to understand
the structural changes occurring to RS sample after pyrolysis,
activation and doping treatments. Fig. 2a—d shows the mi-
crographs of a) RS, b) SPY, c) SDO and d) SAC samples. Fig. 2a)
shows a typical micrograph of Sargassum spp. This material
has a roughness surface of square macropores with uniform
distribution. After pyrolysis treatment, SPY sample (Fig. 2b)
shows an irregular and aggregated structure, where some of
the pores might have been blocked by deposition of carbo-
naceous materials [13] reducing the BET area obtained for RS
(Table 2). Considerable differences were observed after doping
and activation treatments. SDO sample (Fig. 2c) shows very
small aggregates over the carbon surface generated by sol-
vothermal treatment. The small aggregates have influence in
the increment of BET area for this sample. Finally, upon

Table 1 — TGA-TDG pyrolysis analyses of raw Sargassum
spp. (RS).
Temperature (°C) 1st Shoulder Peak 2nd Shoulder Peak

s 150

Tho = 200 360 450
Tpt = 400 400 580
T, = 310 580

*T4o: Initial decomposition temperature; Tp,: Initial peak tempera-
ture; Tpr: Final peak temperature; Tp,: Peak temperature.
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10 pm

Fig. 2 — SEM micrographs of a) RS, b) SPY, c) SDO and d) SAC materials.

activation of SYP material, the BET surface area increase may
be for the formation of micro-mesoporosity caused by the
alkali. The surface morphology of SAC sample is irregular and
roughness (Fig. 2d).

BET-analysis

Textural properties of RS and N-doped electrocatalysts were
determined by nitrogen adsorption/desorption analysis, the
isotherms obtained are showed in Fig. 3. The specific surface
area (SBET) was calculated using the BET equation. RS sample
have a SBET of 34.42 m? g~ *. Moreover, the SBET after pyrolysis
decrease significantly until 3.86 m? g—*. The results reveal that
the volatile compounds released during pyrolysis destroy the
uniform surface of RS sample, decreasing the SBET in almost
10 times for SYP sample. These results are comparable with
the reported by Lopez-Gonzalez [28], where after the pyrolysis
of three types of microalgae between 300 and 600 °C found
SBET from 2.0 to 3.2 m? g *. Furthermore, the SBET reduction
is associated to the filling or blockage of micropores by high
contents of ash, impeding the access of adsorbate gas,
resulting in the production of low SBET carbons [29]. In the
case of SDO sample, solvothermal treatment modified the
surface generating small aggregates that increase the SBET.
physical activation tends to enhance the development of the
porous structure which has the highest value of 133.87 m? g~ *.
Moreover, SAC sample has a SBET of 33 m? g *. This result

Table 2 — Textural properties of RS and N-doped porous
carbon synthetized from Sargassum spp.

Samples Pore diameter Sgppr (m? g ') Pore volume (cm?)
average (nm)

RS 2.503 34.426 0.043
SPY 4.288 3.864 0.008
SDO 1.940 133.871 0.129
SAC 3.010 33.304 0.050

indicates that the activation treatment is effective to promote
the pores formation increasing the SBET with respect to the
sample SYP. Table 2 summarized the textural properties as
SBET, pore diameter and pore volume calculated from ab-
sorption/desorption analysis.

Pore diameter values of N-doped carbons indicate the ex-
istence of micropores and/or mesopores produced by the
generation and release of gases during the cracking process of
the organic species. Otherwise, SYP sample with diameter
pore of 2.503 nm had an increase in this value respect to RS
sample (from 2.503 to 4.288 nm). For the SDO sample the
smallest pore diameter was observed, this can be attributed to
the interstices formed between the small aggregates that were
observed by SEM (=1.902 nm). The pore diameter average
decrease in SAC after activation while pore volume after
activation remains very similar to RS sample.

90

Volume absorbed (cm3 9'1 STP)

Relative pressure (P/P

0)

Fig. 3 — Nitrogen adsorption/desorption isotherms of a)
raw Sargassum spp. (RS), b) pyrolyzed (SPY), c) doped (SDO)
and d) activated (SAC).
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XPS-analysis

XPS analysis was performed to evaluate the chemical bonding

Table 4 — CHNS elemental analyses of the bulk of RS and
N-doped carbons from Sargassum spp.

0, 0, 0, 0,
states and elemental composition of the biocarbons surface semmpe  W(EmE) ¢ ) ] i) 5 ()
after the doping and activation processes. XPS survey is RS 094021 3590523 485016 0.58x0.50
summarized in Table 3. Carbon is the element that is in e U@ dalPaiss  QEEs00E s 02s

. . o SDO 0.92 +0.07 4569+0.32 094+006 0.25+0.16
greater concentration in the all samples surface (>65% at.),
SAC 0.95 + 0.02 1439+ 024 158+0.35 0.22 +0.07

followed by oxygen (>20% at.), while nitrogen is about
1.5-1.8% at. It can also be seen that RS and SYP samples have
calcium because this is characteristics in the source of
seaweed.

High-resolution spectra provide more information about
the N—C bonding configuration. The N 1s spectra are shown in
Fig. 3 and could be deconvoluted in two peaks with binding
energies of 398.2—398.5 eV and 400.1—400.7 eV which corre-
spond to N-pyridinic and N-pyrrolic nitrogen-carbon bonds,
respectively [30]. This can be represented as nitrogen atoms
bound to the edges of graphite layers [31]. It is interesting to
notice that the pyrolyzed seaweed is the only one which
presents N-oxides pyridinic bond which plays an important
role in the ORR process [30].

As it is observed in Table 3, the relative % at. of the N-
pyridinic change from RS sample to SAC sample, decreasing
from 46.4% at. to 38.2% at. While this atomic concentration
remains similar in RS sample (46.4% at.) and SDO (45% at.). It
has been reported that N-pyridinic and N-graphitic nitrogen
play the most important role in the ORR performance of
graphene-derived materials [32].

Elemental analysis

Additionally, elemental analysis was performed to determi-
nate the chemical composition in the bulk of the N-doped
carbons. Usually, carbons derived from biomass are rich in
nitrogen and oxygen functional groups [33]. The biocarbons
synthesized in this work have a low load of nitrogen (less
than 1%wt) and sulfur (0.22—1.05 %wt) in the bulk, the
elemental analysis results are shown in Table 4. An average
of C/H/N/S analysis values revealed that the nitrogen content
in RS is relatively low (0.94 %wt + 0.21), in comparison with
others seaweeds species. Besides, Sargassum spp. has a car-
bon content around 35.90%wt. During biomass pyrolysis, ni-
trogen is release forming NH3 and HCN from NOx precursors
[34]; for this reason in SYP sample decrease the nitrogen
content (0.56 %wt + 0.31). However, it is noteworthy that the
sulfur content increases almost double, this may be because
the sulfur compounds are heavier than the nitrogen com-
pounds and therefore not released as easy, remaining in
higher concentration after the pyrolysis. On the other hand,

with the doping process the nitrogen content increases from
0.56 to 0.92%wt. This result demonstrates that doping treat-
ment proposed in this work is effective to incorporate ni-
trogen species into carbonaceous materials. However,
solvothermal treatment remove sulfur species. Finally, SAC
sample has nitrogen content very close to 0.95 %wt. This
results indicate that a certain amount of carbon attacked by
alkali was removed increasing the nitrogen concentration. A
certain amount of sulfur is removed during activation treat-
ment too.

Fourier transform infrared spectroscopy

Fig. 4 shows the FT-IR spectra of metal-free electrocatalysts
from Sargassum spp. prepared by different methods. The FTIR
spectra showed different peaks, which confirmed the pres-
ence of functional groups such as hydroxyl, amine, methyl,
carboxylic, etc.

RS has hydroxyl stretch (—OH) or amine groups (N—H) in
the region of 3700 to 3000 cm™* [35], this band is broad due to
the presence of a large density of hydrogen bonds, mainly
hydroxyl radicals in the polysaccharide pyranose rings [36].
The bands at 2921 to 2346 cm ™' are assigned to C—H stretching
vibrations (—CH3 and CH, groups) [37]. The weaker symmet-
rical band at 1602 cm™! corresponds to the asymmetrical
stretching of the carbonyl double bond from the carboxylic
functional group (C=0) [38], and the band at 1424 cm ™' is
originated from the bending vibrations of O—H bond [39]. The
bands around 1056 cm™~*are due to —C—O stretching of alco-
holic groups. The region between 1250 and 1000 cm " shows
bands mainly attributed to oxygenated groups (C—O bonds) in
alcohols, ethers, and carboxylic acids [8], while between 1000
and 400 cm~'correspond to sugar vibrations [36].

SPY and SDO samples have an intense peak around
1409 cm ™!, which may be due to the increased formation of
group hydroxyl and carbonyl (C=0). A new peak appears
around 2160 cm~* related to the thiocyanate group concerning
to sulfur in the seaweeds and registered in CHONS analysis,
while the peak at 2363 cm™* could be the —CH stretch and
H;0" [26]. Pyrolysis treatment modifies considerably the

Table 3 — Surface chemical composition determinate by XPS and the relative composition of N—C bonds.

Samples  Elemental composition (% at.) Chemical states of N with their relative concentration (%) and their B.E (eV)
@ 0] N Ca S N pyridinic N pyrrolic N4-pyridinic-N-oxide

RS 74.6 20.3 1.5 3.6 46.4 (398.4) 53.6 (400.1)

SPY 65.6 235 1.8 7.5 1.8 33.5 (398.2) 45.7 (400.4) 20.8 (402.6)

SDO 701 281 1.8 45 (398.5) 55 (400.5)

SAC 677 305 18 38.2 (398.4) 61.8 (400.7)
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Fig. 4 — High-resolution XPS spectra in the N1s region of RS, SPY, SDO and SAC samples.

functional groups that compose N-doped carbons compared
to the raw material. The SAC sample shows a broad band that
appeared at 3200 cm™?, this band is attributed to the over-
lapping of the O—H and N—H stretching vibration [40]. The
peak at 1409 cm-1 is assigned to O—H and C=O0 bending vi-
bration. The principal absorption bands and their respective
reactive group are listed in Table 5, which are typically found
in the seaweeds.

Raman spectroscopy

Raman spectrum shown in Fig. 5 was performed between 500
and 3500 cm™', where is observed two strong peaks at
~1569 cm ! (G-band) and ~1326 cm ' (D-band) for all N-doped
carbons, as expected for partially graphitized carbons [41]. The
D-band is associated with a double-resonance Raman process

in highly disordered carbons. In this study, the Ip/I ratio was
calculated and used as indicator of the disorder degree (edges
and/or defects) in the carbon lattice of the N-doped carbons. A
ratio Ip/Ig = O corresponds to perfect graphitic lattice. RS
sample has an Ip/I ratio of 1.79 + 0.08 indicating the presence
of high disorder in the carbon amorphous raw material. After
pyrolysis, Ip/Ig ratio decreased to 1.43 + 0.02 for SPY sample,
which indicates that graphitic carbon is formed during the
pyrolysis. SDO sample has an Ip/Ig ratio of 1.35 + 0.01, this
sample has the higher graphitic degree and less disordered
structure, which was promoted by the solvothermal treat-
ment. Finally, SAC sample has a Ip/Ig ratio of 1.61 + 0.05, which
indicates that activation treatment cause damage in the
graphitic structure of the pyrolyzed carbon [42]. All results
obtained indicated a high disorder in the carbon structure of
samples.

Table 5 — FT-IR absorption frequencies (cm~?) and their relation with the functional groups found for the RS and N-doped

carbons from Sargassum spp.

Sample Wavenumber (cm ) Bond Group
RS 3700—3000 O—H, N—-H Hydroxyl, amine
2921 C-H Methyl
2346 C—H Methyl
1602 Cc=0 Carboxylic
1427 O-H Hydroxyl
1056 Cc-0 Carbonyl
1029 C-0, C-N Carbonyl, C—N stretching
854 C—N, N-H C—N stretching, amine
SPY 2363 C-H Methyl
SDO 2160 S—C=N Thiocyanate
1409 O—H, C=0 Hydroxyl, carboxyl
871 C=0 Carboxyl
711 C=0 CO,
SAC 3200 O—-H, N-H Hydroxyl, amine
1409 O—H, C=0 Hydroxyl, carboxyl
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Fig. 5 — FT-IR spectra of samples a) RS, b) SPY, c) SDO and d)
SAC.

Electrochemical characterization

Fig. 6 shows cyclic voltammograms (CV) of SAC, SDO and SPY
recorded at window potential from 0 to 1.2 V vs RHE elec-
trode, at a scan rate of 20 mVs™' in 0.5 M KOH electrolyte
saturated with N,. The three metal-free electrocatalysts from
Sargassum spp. show the regular pseudo-capacitive behavior
[43]. There are not redox reactions peaks typically attributed
to supercapacitive behavior [44]. SPY sample shows the
lowest current density, which is to be expected due to its low
Sger. However, SDO shows higher current density than SPY
but lower than SAC, this can be attributed to acid wash
during the activation process, which according to previous
studies enhances the electrocatalyst performance by 2 or 6
times after acid leaching [19]. Also, the increase in the cur-
rent density for both SDO and SAC samples is in accordance
with the increase in N content obtained by CHNS analysis. In
addition, SAC sample has highest current density, this is
attributed to the functional groups on its surface. Further-
more, this sample has the highest heteroatoms content ratio
as shown in Table 4 [45].

ORR performance was evaluated by linear sweep voltam-
metry (LSV) using rotating disk electrode (RDE) technique in
0O2-saturated electrolyte solution of 0.5 M KOH. The ORR po-
larization curves obtained for SAC, SDO and SPY are shown in
Fig. 7, which were performed at a potential scan rate of
5mV s~ under different electrode rotation rates (200, 400, 800,

= ¢) SDO
z
8 1 " 1 1 1 1
] \/
=
b) SPY
1 " 1 1 1 1
a) RS \'!

L 1 L
500 1000 1500

2500

1 1
2000 3000 3500

Raman shift (cm'l)
Fig. 6 — Raman spectroscopy of samples a) raw Sargassum

spp. (RS), b) pyrolyzed (SPY), c) doped (SDO) and d) activated
(SAC).

1200, 1600 and 2000 rpm). The three metal-free electrocatalyst
shows activity for the ORR, and as to be expected, the current
density increase with the speed rotation rate increase
(Fig. 8a—c). Fig. 7d show the comparison of the ORR perfor-
mance of the three metal-free electrocatalyst from Sargassum
spp. and a commercial electrocatalyst based Pt (20 wt% Pt/
Vulcan, BASF), while Table 6 summarized the electrochemical
parameters obtained from Fig. 8. SPY has the lowest current

15

4

Current density (mA cm?
=

-5
—a—SAC
10+ —v—SPY
—e—SDO

-15 T T * T ke T ¥ T * T ’ T
0.0 0.2 04 0.6 0.8 1.0 1.2
Voltage vs. RHE (V)
Fig. 7 — Cyclic voltammetry of SPY, SDO and SAGC, in
alkaline electrolyte saturated with N, at scan rate of
20 mVs~.,
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1

density at 0.2 V vs. RHE (3.1 mA cm ). Moreover, SDO had a
slightly higher current density than SYP at 0.2 V vs. RHE
(3.3 mA cm™2), may be due to this metal-free electrocatalyst
has highest SBET and major content of N incorporated into the
carbon lattice than SYP. On the other hand, SAC show the
highest current density of the three metal-free electrocatalyst
(4.78 mA cm ™2 at 0.2 V vs. RHE). This can be attributed to the
increase in the SBET respect to SYP, and the functional groups
on the SAC metal-free electrocatalyst surface. This agrees
with previous studies that confirm that electrocatalytic ac-
tivity depends more of the surface chemistry than of the SBET
value. The ORR performance for commercial 20 wt% Pt/Vulcan
was also graphed for comparison purposes. SAC shows the
highest current density very close to Pt/Vulcan electrocatalyst
(5.6 mA cm™2 at 0.2 V vs. RHE) and an onset potential of
0.838 V. Fig. 8d). Additionally, SDO sample has the highest
onset potential (0.852 V vs. RHE) among three metal-free
electrocatalyst. The onset potential and current density
values evaluated in this work are comparable with the values

Table 6 — Electrocatalytic parameters of the ORR
performance of SPY, SDO, SAC and 20 wt% Pt/C.

Sample On-set potential Current density
(V vs. RHE) at 0.2 V (mA cm?)

SPY 0.826 3.1

SAC 0.838 4.8

SDO 0.852 3.3

20 wt% Pt/C 1.000 5.6

reported in recent studies for N-doped carbon derived from
other biomass sources [46—48].

The chemical composition of the electrocatalyst surface
and N—C type of bond is very important for the ORR. These
metal-free electrocatalysts show high activity for the ORR,
especially SAC sample. SYP and SDO has a very similar per-
formance for the ORR. Although, the three metal-free elec-
trocatalysts have the same concentration of N in their
surface, the configuration of N—C bonds change according to
the chemical treatment. Borghei et al. (2017) reported that
doping treatment significantly affected the activity for the
ORR because provide more functional groups on the surface
of carbon increasing the N-doping loading [53]. This working
group synthetized biocarbons from coconut shells doped
with urea as nitrogen precursor, the activity for ORR was
evaluated in alkaline media and is comparable with the re-
sults reported in this work. Furthermore, it has been reported
that the limit current density for ORR is promoted by the N-
graphitic bond, while the N-pyridinic bonds improves the
onset potential [49]. SDO sample has the better onset po-
tential value (0.852 V vs. RHE) may because this metal-free
electrocatalyst has the highest concentration of N-pyridinic
bonds. Moreover, SYP and SAC samples has a very similar
concentration of N-pyridinic bonds, and their onset potential
value is similar too. An alternative to improve the perfor-
mance of these promising metal-free electrocatalysts would
be to motif the synthesis conditions, in order to promote the
formation of more N-pyridinic and N-quaternary groups on
the biocarbons surface. This could be achieved by pyrolyzing
at higher temperatures.
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Conclusions

Sargassum spp. is abundant and renewable source of carbon
and other heteroatoms. Therefore, in this work it was evalu-
ated as raw material for the synthesis of N-doped carbons as
metal-free electrocatalyst for alkaline fuel cells. Three elec-
trocatalyst wit promising properties were obtained by pyrol-
ysis (SYP), doped (SDO) and activation (SAC) treatments. TGA
show high yield for the pyrolysis at 700 °C. of Sargassum spp.
(=40%wt). Carbonization of raw material was confirmed by
Raman spectroscopy. After doping treatment, SDO sample
shows an increase in Sger from 3.864 m? g * to 133.871 m? g *
and high activity for ORR with the highest onset potential
(0.852 V) among three samples. Besides, SAC sample exhibited
the highest current density at 0.2 V vs. RHE (4.78 mA cm™2) and
an onset potential of 0.838 V. Furthermore, Sargassum spp.
inundations is an actual problem for the tourist industry,
thereby using it as raw material to obtain metal-free electro-
catalyst with high performance for ORR, could be a promising
alternative to solve one of the biggest challenges in fuel cells.
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