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ARTICLE INFO ABSTRACT

Keywords: Seeking alternatives to noble metals-based electrocatalysts for oxygen reduction reaction (ORR), hollow carbon
ORR spheres (CSs) were finely tuned with stable single-atom Fe-N species through a synthesis methodology requiring

Single-atomic catalysts only earth-abundant metal precursors. CSs with different sizes were synthesized by sol-gel polycondensation of

Elecrrocatalys,ls resorcinol with formaldehyde over silica nanoparticles, followed by thermal annealing and silica etching. A
Density-functional theory (DFT) . P
Fuel cells catalyst screening revealed the positive impact of both the hollow core and structural defects of the CSs for ORR.

Single-atom Fe-N active sites were introduced on the best performing CSs through simultaneous incorporation of
iron and nitrogen precursors, and glucose. A significant enhancement in ORR activity was observed despite the
small iron load introduced (0.12 wt%). ORR performance indicators, advanced characterization, and molecular
simulation studies revealed nitrogen’s crucial role in anchoring individual iron atoms and modulating the charge
density nearby the active sites (increase of 80 mV in the half-wave potential). Adding glucose as a chelating agent
enhances the metal-heteroatom coordination and subsequent dispersion of iron, accounting for an increase of 20
mV in the half-wave potential, an average of electrons transferred as high as 3.9 (at 0.4 V vs. RHE), and higher
stability (99%) than that of a platinum-based (20 wt%) electrocatalyst (92%).

activities focus on developing enhanced electrocatalysts for ORR [1,
4-71.

1. Introduction

Oxygen reduction reaction (ORR) is the bottleneck of fuel cells’
operation. In particular, the elementary electrochemical reaction of Oy
dissociation (i.e., bond cleavage) during ORR is very challenging due to
the extremely strong O = O bond (498 kJ mol™ 1 [1-3]. As consequence,
ORR at the cathode has sluggish kinetics [2,3], being over 6 orders of
magnitude slower than that of the hydrogen oxidation reaction at the
anode [1,4]. Therefore, it is no surprise that a large amount of R&I

ORR electrocatalysts have been traditionally based on noble metals-
containing nanoparticles supported on carbon black — mostly platinum
(Pt) and its alloys [2,4,8,9]. Thus, the widespread use of the fuel cell
technology has been hindered both by the scarcity (and unsustain-
ability) of these precious metals, as well as by the major impact of their
high price on the overall costs [1,4]. Accordingly, undergoing research
efforts on fuel cells have been directed to the development of alternative,
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broadly available, cost-effective, and sustainable electrocatalysts based
mostly on transition metals (e.g., iron, cobalt, and nickel), metal oxides,
and carbon nanomaterials such as carbon nanotubes and graphene de-
rivatives [5-7,9-12]. Among these, single-atom catalysts have emerged
as a promising area of research due to their ability to provide greater
availability of active sites with higher reactivity compared to traditional
supported catalysts. These innovative materials are paving the way for a
new research area in catalysis [11,12]. Nevertheless, designing a syn-
thesis approach to overcome the typical lack of stability of single-atom
catalysts (e.g., due to aggregation and/or sintering) remains a main
challenge in the field [11,12].

At the same time, the unique properties of hollow carbon spheres
(CSs), in particular the void core surrounded by a carbon shell, render
these structures attractive for electrochemical applications [13].
Accordingly, G. Ferrero et al. reported hollow CSs with Fe-N active sites
as good electrocatalysts for ORR [14]. Nevertheless, those CSs contained
Fe nanoparticles in addition to single-atom Fe-N. More recently, C. Shu
et al. reported the high ORR activity of a core-shell Fe-N-C electro-
catalyst composed of a CSs core and a Fe-doped m-phenylenediamine
polymerized shell [15]. Having all this in mind, the main goal of this
study was to develop an alternative synthesis methodology for the
design of highly active and stable hollow CSs containing only
single-atom Fe-N as active sites by employing earth-abundant metal
precursors. This is particularly relevant since many of the recent ad-
vances in the functionalization of carbon materials with Fe-N species
result from the incorporation of expensive precursors such as phthalo-
cyanines and porphyrins [16]. Accordingly, the metal-free CSs (both
with hollow and SiO; core) with different sizes developed in our pre-
vious publication on environmental remediation [17] were first
screened for ORR in basic media using a standard three-electrode
configuration (with glassy carbon, Ag/AgCl, and carbon rod as work-
ing, reference, and counter electrodes, respectively). These materials
were selected to study the effect of both size and hollow carbon struc-
tures in ORR. The best-performing hollow CSs were then selected as
support for single-atom Fe-N active sites. Fe load was optimized, fol-
lowed by a detailed study on the role of each synthesis precursor to-
wards obtaining the electrocatalyst with the highest activity for ORR,
including the application of advanced characterization techniques and
molecular simulation tools. Cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and chronoamperometry measurements (in the
presence and absence of methanol) were carried out. Standard operating
conditions and performance indicators used to characterize the perfor-
mance of electrocatalysts in ORR were considered. Additional insights
on electrocatalytic active sites and ORR pathways were obtained
through density functional theory (DFT) calculations.

2. Materials and methods
2.1. Chemicals and materials

The chemicals and materials employed in this study are detailed in
Text S1.

2.2. Synthesis of Fe-N-doped hollow carbon spheres

Bare CSs were prepared according to the procedure reported in our
previous publication [17], as detailed in Text S2 and depicted in the top
section of Fig. 1. Briefly, silica (SiO2) spheres were obtained through the
Stober’s method and encapsulated within a resorcinol-formaldehyde
resin subsequently carbonized at 800 °C under Ny flow. Hollow CSs
were finally obtained upon etching the SiO, core with NaOH. The
resulting materials were denoted as CSx, where X corresponds to the
different ethanol/water volumetric ratios (2, 4.5, and 7) employed to
obtain the Stober’s SiO spheres. Samples obtained prior to SiO; etching
(Si02@CSy; cf. Fig. 1) were also considered.

CS7 (i.e., the hollow CSs prepared considering an ethanol/water
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Fig. 1. Strategy employed for the design of single-atom Fe-N active sites on
hollow carbon spheres (CSs), resulting in the material denoted as CSs;Fe-N. (A
colour version of this figure can be viewed online.)

volumetric ratio of 7 in the respective synthesis) were then doped with
Fe and N, as depicted in the bottom section of Fig. 1. This was accom-
plished by adapting the procedure previously reported elsewhere [18].
Accordingly, 60 mg of CS; was added to an aqueous solution containing
0.05 mmol of iron (III) nitrate nonahydrate and 6.7 mmol of
D-(+)-glucose. The resulting suspension was sonicated for 30 min to
promote the adsorption of glucose (employed as chelating agent) on the
carbon surface and the subsequent chelation of Fe ions, thus promoting
physical isolation of Fe atoms. The solid product (CS;Fe-Glucose; cf.
Fig. 1) was collected by centrifugation, washed with ultrapure water,
dried overnight at 60 °C, manually mixed with melamine (considering a
CS7/melamine mass ratio of 0.2), and thermally annealed under a Ny
flow (100 em® min~1) for 120 min at 800 °C, considering a heating rate
of 10 °C min~ 1. The resulting material was denoted as CS;Fe-N. Addi-
tional materials were prepared in the absence of glucose (CS ;Fe-Ny,
glucose), melamine (CS7Fe), and iron (III) nitrate nonahydrate (CS;—N);
and considering different Fe loadings in the respective synthesis, namely
0.3, 0.1, and 0.03 mmol (CS;Feg3-N, CSyFep1-N, and CS;Feg o3-N,
respectively).

2.3. Characterization techniques

The characterization techniques employed in this study are detailed
in Text S3. Briefly, No physisorption, scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDS), and X-
ray diffraction (XRD) were performed as previously described [17].
Likewise, the procedures used to obtain X-ray photoelectron spectros-
copy (XPS) [19] and Raman [20] spectra were also described in our
previous publications. The ash residue was determined by thermogra-
vimetric analysis (TGA). The bulk content of Fe in the CSs was deter-
mined by inductively coupled plasma — optical emission spectrometry
(ICP-OES) analysis of the solution resulting from the acidic digestion of
the solids, by adapting the procedure previously reported [19]. Elec-
trical conductivity was determined by adapting the four-point probe
methodology previously reported [21]. High resolution High Angle
Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) imaging was performed on a double aberration cor-
rected (AC), monochromated, FEI Titan3 Themis 60-300 microscope
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operated at 200 kV. Please refer to Text S3 for additional details.
2.4. Electrochemical measurements

A mixture containing 4 mg of CSs, 80 pL of Nafion perfluorinated
resin solution, 80 pL of absolute ethanol, and 470 pL of ultrapure water
was sonicated for 30 min. A calculated volume of the resulting suspen-
sion was then drop-casted on the glassy carbon working electrode (dried
at room temperature) to obtain a catalyst load of 0.3 mg c¢m 2 on the
electrode surface. All electrochemical measurements were performed on
the carbon modified electrodes, as detailed in our previous publication
[20] and in Text S4. Briefly, the CSs were incorporated in the working
electrode through the drop-casting method and tested in ORR (basic
media; 0.1 mol Lt KOH) using a standard three-electrode configura-
tion: Ag/AgCl reference electrode; glassy carbon rod counter electrode;
and, as working electrode, a rotating ring-disc electrode with a glassy
carbon disc and a platinum ring, or a glassy carbon rotating disc elec-
trode. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
chronoamperometry measurements were carried out. Common in-
dicators used to characterize the performance of electrocatalysts in ORR
were determined from experiments performed in triplicate with a rota-
tion speed of 1600 rpm: onset potential (Eopse; defined as the potential
needed to achieve a current density of 0.1 mA ecm~2); half-wave po-
tential (E1/; defined as the maximum of the first derivative of the cur-
rent density-potential curve); limiting current density (Ji; defined as the
current density at 0.2 V vs. RHE); hydrogen peroxide (H202) formation
(H202 (%); Eq. S2); and average number of electrons transferred during
the ORR (ne; Eq. S3). The average values obtained from triplicate mea-
surements are provided in Tables, whereas the individual results that
most resemble the average values calculated from the triplicates are
provided in Figures. The standard deviation of Egpset, E1/2, J1, H202
formation, and n. determinations was never above 0.01 V, 0.02 V, 0.37
mA cm 2, 4.6%, and 0.1, respectively.

The electrochemically active surface area (ECSA) was estimated from
the double layer capacitance (Cpy), based on the specific capacitance of
carbon black, Cs = 27.5 pF cm 2 (Text S4). Tafel plots were obtained
from LSV data (1600 rpm) in the kinetically controlled region nearby
Eonset and the slope was obtained by linear fitting. The exchange current
density (Jo) was calculated from the Tafel slopes, as the point where the
y-intercept equals the O3/H50 standard reduction potential (B> /H20 =
1.229 V vs. RHE).

2.5. Molecular modeling

The possible electrocatalytic active sites on a graphene sheet and
reaction pathways for ORR were examined through hybrid DFT calcu-
lations performed with Gaussian 09 software [22]. All the calculations
were carried out using B3LYP/6-31G(d,p) level of theory with all atoms
fully relaxed [23,24]. The solvent (water) effect was considered by the
Polarizable Continuum Model (PCM) [25]. Each geometry optimization
was followed by calculations of the harmonic vibrational frequencies in
order to confirm that the optimized geometry corresponds to a minimum
of total energy. All molecular structures corresponding to relevant
minima on the potential energy surface have been studied, which
correspond to intermediate states in the ORR process, as well as the
reactant and product states; extra energy barriers exist but were not
considered due to the unbalanced electron numbers borne by different
states. Gibbs free energy for each elementary step of ORR was calculated
through the computational hydrogen electrode (CHE) method [26,27].
Schematic representations of the optimized structures were produced
with the GaussView 6.0 molecular visualization program [28]. Please
refer to Text S5 for additional details.
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3. Results and discussion
3.1. Preliminary screening of bare CSs

Both the bare hollow carbon spheres (CSx) and those obtained prior
to SiO, etching (SiO,@CSx) were already extensively characterized in
our previous publication [17]. Characterization techniques such as Ny
physisorption, SEM-EDS, XRD, and TGA allowed confirming the suit-
ability of the synthesis methodology to obtain hollow CSs, as well as the
ability of tailoring the size of the CSs by changing the ethanol/water
volumetric ratio considered in the respective synthesis (Stober’s
method, as detailed in Text S2). Specifically, it was found that the sizes
of CSy increase with the ethanol/water volumetric ratio (Fig. 2a—c) [17].

Preliminary experiments were herein carried out to evaluate the
performance of bare CSx and SiO,@CSy in ORR. Oxygen reduction
humps are clearly observed in the CV curves of all the samples (Fig. 2d
and e). However, some differences in peak intensities and positions are
observed. The LSV curves confirm these differences (Fig. 2f and g).
Indeed, the hollow CSs (i.e., CSy, CS45, and CS;) perform better than
those obtained prior to SiO; etching (i.e., SiO2@CSs, SiO2@CS4.5, and
SiO,@CSy) regardless of the indicator considered (Table 1), suggesting
the positive impact of the hollow structure for ORR. Please refer to Text
S6 for additional discussion on the different performances observed
among the CSs with SiO; cores (Fig. 2f).

Regarding the reaction mechanism, it is widely known that ORR in
alkaline media can proceed through the direct four-electron pathway
(Eq. (1)) or the indirect two-electron pathway (Eq. (2)); the former being
preferred. Regarding the latter, subsequent reduction (Eq. (3)) or
disproportionation (Eq. (4)) of peroxide ions is needed [29]. ORR
mechanisms on metal-free carbon materials have been recently
reviewed [1]. In this case, no significant differences in reaction mech-
anism are observed upon SiOs etching (Table 1). Indeed, n, in the range
2.7-3.2 reveals the contribution of both the direct and indirect reaction
pathways. Nevertheless, H;O, formation is always lower and n, is al-
ways higher for the hollow CSs.

0, +2H,0 +4e” = 40H™ €))
0, +H,0 +2¢” = HO, +OH" @)
HO, +H,0 +2e~ = 30H" 3
2HO; = 20H™ + 0, (€]

Some differences can also be identified within the performances of
the CSs (Fig. 2g and Table 1). Although Eqpget and Ej /o are apparently
unaffected, clear trends are visible for the other indicators (Table 1).
Indeed, increasingly better values of Ji, HoO5 formation, ng, and stability
are obtained as the ethanol/water volumetric ratio employed during the
synthesis of the CSs increases, i.e., the performances obtained follow the
order: CSy < CS45 < CSy. The role of textural properties and porosity of
carbon materials in their ORR performances has already been reported
[30,31]. However, as determined in our previous publication, CS; and
CS7 possess similar porosity and surface area, whereas these properties
are less developed in CS4 5 (Table S1) [17]. Therefore, at least another
property of the hollow CSs is expected to contribute to the different
performances obtained. Bearing that in mind, Raman spectroscopy was
carried out to gain insights into structural defects and other crystal
disorder of the hollow CSs. The resulting Raman spectra revealed that
the intensity ratio of the D band relative to the G mode (Ip/Ig) increases
as the ethanol/water volumetric ratio employed during the synthesis of
the CSs increases (Fig. 2h), i.e., the amount of structural defects follows
the order: CSy; < CS45 < CSy. This is precisely the same trend obtained
for Ji, HyO, formation, ne, and stability, suggesting that electron rich
regions caused by structural defects slightly shift the ORR pathway from
the indirect two-electron pathway (Eq. (2), followed by Eq. (3) and/or
(4)) to the preferred direct four-electron pathway (Eq. (1)), thus yielding
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Fig. 2. Scanning electron microscopy (SEM) micrographs of (a) CS,, (b) CS4.5, and (c) CS; obtained in secondary electron detection mode; cyclic voltammetry (CV)
curves of (d) SiO,@CSs and (e) CSs series, obtained in N,- and O,-saturated 0.1 mol L~! KOH at 5 mV s~'; linear sweep voltammetry (LSV) curves of (f) SiO,@CSs
and (g) CSs series, obtained in O,-saturated 0.1 mol L~ KOH at 1600 rpm; (h) Raman spectra of the CSs; and (i) stability of CSs to methanol cross-over at 0.4 V vs.
RHE. Results obtained with commercial Pt/C are also given in (f), (g), and (i) for comparison. Results obtained in the absence of electrocatalyst (blank) are also given
in (f). Insets in (a), (b), and (c) correspond to the average diameter (daverage) as determined by SEM measurements in our previous publication [17]. (A colour version

of this figure can be viewed online.)

Table 1

Summary of oxygen reduction reaction (ORR) results obtained in the pre-
liminary screening of bare CSs: onset potential (Eqnset), half-wave potential (E;,
2), limiting current density (J;), hydrogen peroxide (H20,) formation, number of
electrons transferred (n.), and stability®.

Sample Eonset/ E1o/  Ji°/mA H,0,°/ n’  Stability’/
\% A% cm 2 % %

Si0,@CS, 0.79 0.72 1.90 64.9 27 nd

Si0,@CSs5  0.74 0.65 2.89 65.8 27 nd

Si0,@CS; 0.74 0.65 3.04 64.6 27 nd

S, 0.81 0.74 3.52 62.3 28 76

CS4s 0.80 0.73 3.76 45.5 31 83

cs; 0.81 0.74 3.88 41.7 32 89

Pt/C 0.98 0.84 5.10 2.5 39 92

# All data refers to experiments performed at 1600 rpm.

b Calculated at 0.2 V vs. RHE.

¢ Calculated at 0.4 V vs. RHE.

d Calculated after 10000 s at 0.4 V vs. RHE; n.d.: not determined.

increasingly higher Ji, values and stability. Indeed, defects in graphene
sheets have already been reported as intrinsically active sites towards
ORR, the activity resulting mainly from zigzag edges and the
oxygen-containing groups on zigzag edges of graphene sheets [1,32].
Therefore, the ORR performance obtained with the bare hollow CSs can
be ascribed to their defective structure (Raman Ip/Ig ratios in the range
0.85-0.94; Fig. 2h)

Overall, the activity of the best-performing metal-free CSs in ORR (i.
e., CSy) is still far from that obtained with the commercial noble-metal
containing Pt/C (Fig. 2g and Table 1). Nevertheless, CS; reveals a sta-
bility to methanol cross-over significantly higher than that of Pt/C
(Fig. 2i). In fact, no differences are observed in the stability obtained
with CS; during 10000 s at 0.4 V vs. RHE in the absence (11%, cf.
Table 1) and presence (11%, cf. Fig. 2i) of methanol, whereas the rela-
tive current yielded by Pt/C decreases an additional 7% when methanol
is added (from 8 to 15% stability loss, cf. Table 1 and Fig. 2i, respec-
tively). Resistance to methanol cross-over is a crucial advantage when
real-scale applications are envisaged; one that will be explored in the
following section upon employing CS; as support for Fe-N active sites.
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3.2. Towards the design of single-atom Fe-N active sites

3.2.1. Optimization of Fe load
Fe-N-doped hollow CSs with varying Fe loads were prepared as

Carbon 213 (2023) 118192

Table 2

Summary of ORR results obtained with CS; and Fe-N-doped hollow CSs: onset
potential (Eonser), half-wave potential (Ej,2), limiting current density (Jp),
hydrogen peroxide (H;05) formation, number of electrons transferred (n.), and

depicted in Fig. 1 and detailed in Section 2.2, and employed in ORR. stability™.

Similar oxygen reduction humps are clearly observed in the CV curves of Sample Eonse/  Er2/  Ji"/mA H,0,/ n”  Stability’/
the Fe-N-doped hollow CSs (Fig. 3a). However, obvious differences can v v em”? % %

be identified in both the LSV curves (Fig. 3b) and the ORR performance cs; 0.81 0.74 3.88 417 32 89
indicators considered (Table 2). Fe-N-doping enhances Egnget and Eq /o m 0.89 078 3.68 6.8 30 o8
regardless of the Fe load employed (Table 2). It also enhances Jy, in all CS,Fep.-N  0.90 0.77 4.63 4.4 39 o8

cases except for CS;Feq 3-N (i.e., the Fe-N-doped hollow CSs synthesized CSyFe-N 0.90 0.79 4.68 6.9 39 99

with the highest Fe load). Indeed, CS;Fe-N yields a Jy, (4.68 mA cm™?) CS7Feo.05- 0.90 0.79 4.33 7.8 3.8 99
almost as high as that obtained with Pt/C (5.10 mA cm™3). Likewise, N S _
Fe-N-doping decreases HyO2 formation from 41.7% (with CS7) down to Pt/C 0.98 0.84 5.10 2.5 39 92

values in the range 4.4-7.8% and increases n, from 3.2 (with CS;) up to
values in the range 3.8-3.9, which are similar to those obtained with Pt/
C (Fig. 3c and d, and Table 2). This is a clear indication that ORR on the
Fe-N-doped hollow CSs proceeds mainly through the preferred direct
four-electron pathway (Eq. (1)). Moreover, the stability of the Fe-N-
doped hollow CSs for ORR is always higher (in the range 98-99%) than

2 All data refers to experiments performed at 1600 rpm.
b Calculated at 0.2 V vs. RHE.

¢ Calculated at 0.4 V vs. RHE.

4 Calculated after 10000 s at 0.4 V vs. RHE.
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Fig. 3. (a) Cyclic voltammetry (CV) curves of the Fe-N-doped hollow CSs, obtained in N5- and Os-saturated 0.1 mol L~! KOH at 5 mV s’l; (b) linear sweep vol-
tammetry (LSV) curves of CS; and Fe-N-doped hollow CSs, obtained in Op-saturated 0.1 mol L~! KOH at 1600 rpm; (c) number of electrons transferred (n.) and (d)
hydrogen peroxide (H,0,) formation during the experiments depicted in (b); (e) Tafel plot for CS; and Fe-N-doped hollow CSs; (f) X-ray diffraction (XRD) patterns of
the Fe-N-doped hollow CSs; (g) radar chart comparing multiple quantitative variables; (h) Raman spectra of CS; and CS;Fe-N; and (i) stability of CS;Fe-N to
methanol cross-over at 0.4 V vs. RHE. Results obtained with commercial Pt/C are also given in (b), (c), (d), (e), and (i) for comparison. The exchange current density
(Jo) is also given in (e). (A colour version of this figure can be viewed online.)
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that obtained with Pt/C (92%; Table 2), and the Tafel plot slopes are
always lower (Fig. 3e). Regarding the latter, a slope of 57 mV dec ™! was
found for Pt/C, which precisely matches the value previously reported in
the literature for this commercial noble metal-containing catalyst in low
current density [29]. However, Tafel slopes in the range 42-48 mV dec
~1 were found for the CSs, indicating a slightly faster electron transfer
process on these carbons [33]. Nevertheless, the Tafel slope is mostly
useful to provide mechanism insights by revealing the rate determining
step (RDS) of ORR [34]. Tafel slopes at ca. 60 mV dec! correspond to a
pseudo-two-electron reduction reaction as the RDS, whereas first elec-
tron reduction of oxygen as RDS is presumed for Tafel slopes at ca. 120
mV dec ! [35]. The Tafel slopes given in Fig. 3e are in the range 42-57
mV dec™}, suggesting that the reaction rate in the low overpotential
region is mainly controlled by the pseudo-two-electron reduction reac-
tion regardless of the electrocatalyst under consideration. Jy can also be
obtained from Tafel plots, mostly useful for providing information on
ORR activity. In fact, Jy can be correlated to the constant rate of ORR
[36]. Jo values were accordingly calculated from the Tafel plots
(Fig. 3e). As observed, a Jy of 2.57 x 107" mA cm™2 was found for CS;,
which is 5 orders of magnitude lower than that obtained for Pt/C (5.13
x 107® mA cm™?). The J; obtained for the Fe-N-doped hollow CSs fall
between those, the two highest values being found for CS;Fe( 1-N (2.22
x 1078 mA em™2) and CS;Fe-N (3.44 x 10° mA cm2), i.e., the two
Fe-containing CSs with the best performance in ORR (Fig. 3b-d and
Table 2). All these results confirm the importance of properly defining
the Fe load employed during the synthesis of Fe-N-doped hollow CSs
when seeking for high-performance electrocatalysts for ORR.

N2 adsorption-desorption isotherms were collected (Fig. S1),
revealing that the hollow CSs completely loose micropores upon Fe-N-
doping (as observed from the negligible N3 adsorption at low P/Py). As
shown in Table S2, the specific surface area (Spgr; in the range 65-111
m? g~ 1) also decreases significantly when compared to that of CS; (602
m?> g’l), as well as the total pore volume (Vota)). This phenomenon may
be explained by pore blockage promoted by Fe and/or glucose used for
the functionalization of the hollow CSs. TGA revealed that the ash
content (in the range 43-47 wt%) is unaffected by the Fe load employed
during the synthesis of Fe-N-doped hollow CSs, as values close to that of
CS7 are always obtained (Table S3). As discussed in our previous pub-
lication, the ash content is explained by the presence of residual
amounts of SiO5 even after the etching process with NaOH [17]. The
XRD patterns reveal no clear crystalline phases regardless of the Fe load
on the hollow CSs (Fig. 3f). Only a broad peak at 20 ~ 23° and a very
slight peak at 26 ~ 44° are observed, which are consistent with amor-
phous carbon and silica [37].

A radar chart comparing several variables is given in Fig. 3g,
including ORR performance indicators (Table 2), Sggr, electrical con-
ductivity, ECSA and bulk Fe content determined by ICP-OES (Table S3).
This presentation approach clearly highlights that the performance of
the Fe-N-doped hollow CSs in ORR cannot be explained by a single
property, but rather by an interplay between properties. The best-
performing sample, according to the values of Eonset, E1/2, and Ji, (ie.,
CS;Fe-N), possesses the second highest Sggr (Fig. 3g). Despite CS; pos-
sessing a much larger Sggr, it is a metal-free electrocatalyst. On the
contrary, the mass fraction of Fe in CS;Fe-N lies in the middle of all
samples. Nevertheless, CS;Fe-N presents the highest ECSA and electrical
conductivity, ultimately explaining the best performance in ORR of this
electrocatalyst. Therefore, the quality (and not quantity) of Fe species
seems to play a decisive role in governing the performance of the Fe-N-
doped hollow CSs in ORR. X-ray photoelectron spectroscopy (XPS) was
carried out to obtain additional insights on the type of Fe and N sites on
the surface of the doped hollow CSs. However, surface Fe species were
undetected through this technique (Table S4). This can be explained by
the combination of the low amount of bulk Fe species (in the range
0.05-0.21 wt%, as determined by ICP-OES; Table S3) and possible car-
bon encapsulation of those Fe species. Regarding N species, no signifi-
cant differences are observed among the Fe-N-doped hollow CSs (Fig. S2
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and Table S4)), the presence of N in a chemical state like that of the Fe-
Ny moiety in iron phthalocyanine [18] being confirmed for all the
samples. Nevertheless, it is noteworthy that N-oxidized species (NO;
corresponding to nitrogen oxides of N-pyridinic) were observed only for
CS;Fep 1-N. Additional insights on XPS analysis are provided in Section
3.2.2. Regarding structural defects and other crystal disorder assessed
through Raman spectroscopy, CSyFe-N reveals an Ip/Ig ratio of 0.93,
which is similar to that of bare CS; (Ip/Ig = 0.94; Fig. 3h). This allows
concluding that the methodology used to incorporate Fe-N active sites
does not induce additional structural defects in the carbon structure.

CSyFe-N reveals a stability to methanol cross-over significantly
higher than that of Pt/C (Fig. 3i). In fact, the difference observed in the
stability loss of CS;Fe-N during 10000 s at 0.4 V vs. RHE in the absence
(1%, cf. Table 2) and presence (5%, cf. Fig. 3i) of methanol amounts to
4%, whereas the relative current yielded by Pt/C decreases an additional
7% when methanol was added (from 8 to 15% stability loss, cf. Table 2
and Fig. 3i, respectively). Possible reasons behind the high activity and
stability of CS;Fe-N towards ORR will be addressed in the following
section.

3.2.2. Meticulous design of single-atom Fe-N active sites

As discussed above, the performance of the Fe-N-doped hollow CSs
in ORR seems to be governed by the quality of Fe species rather than the
overall Fe load. Having that in mind, the procedure used for the syn-
thesis of the sample with the highest activity for ORR (CS;Fe-N) was
deconstructed to study the importance and role of each precursor to-
wards obtaining the optimized electrocatalyst. Accordingly, additional
materials were prepared in the absence of glucose (CSyFe-Nno glucose)s
melamine (CS;Fe), and Fe (CS;-N); and employed in ORR. Clear dif-
ferences can be identified in both the LSV curves (Fig. 4a) and the ORR
performance indicators (Table 3). Single doping of CS; with N groups
slightly shifts the ORR pathway towards the preferred direct four-
electron pathway (Eq. (1)), as demonstrated by the lower HyO, forma-
tion (20.6%) and higher n. (3.6) obtained with CS;-N when compared to
the values obtained with CS; (41.7% and 3.2, respectively; Table 3).
Nevertheless, Eonset, E1/2, and Ji, are negligibly affected by N-doping
(Fig. 4a and Table 3). Additional insights regarding ORR mechanisms on
N-containing carbon materials can be found elsewhere [6]. Likewise,
single doping of CS; with Fe species slightly shifts the ORR pathway
towards the preferred direct four-electron pathway (Eq. (1)). Indeed, the
ORR performance indicators obtained with CS;Fe are very similar to
those obtained with CS;-N (Table 3). The exception is J, (4.07 mA
cm_z), which is higher than that obtained by both CS; (3.88 mA cm_z)
and CS;-N (3.70 mA cm’z; Fig. 4a and Table 3). ORR mechanisms on
Fe-containing carbon materials have also been recently reviewed [7].

Implications of metal-carbon interactions in ORR are widely known
[38]. In particular, heteroatoms with higher (N) or lower (B, and S)
electronegativity than carbon can be used to modulate the charge den-
sity nearby the active sites and limit the agglomeration of metal pre-
cursors during the synthesis [11,39]. Having that in mind, CS; was
doped with N and Fe simultaneously. The resulting material was deno-
ted as CS7Fe-Nnp glucose- As observed, this approach effectively enhanced
the performance in ORR (Fig. 4a and Table 3). Specifically, ORR on
CS7Fe-Nno glucose Proceeds almost exclusively through the preferred
direct four-electron pathway (Eq. (1)), as demonstrated by the low Hy04
formation (8.0%) and high n. (3.8) obtained (Table 3). Moreover,
enhanced Egpset (0.90 V), Eq /2 (0.77 V), and Jy, (4.49 mA cm~2) are also
obtained with CSyFe-Nyo glucose (Fig. 4a and Table 3), thus confirming
the success of the synthesis methodology used for simultaneous doping
of CS7 with N and Fe species. Both ORR mechanisms and the nature of
active sites of Fe-N-doped carbon materials have been the subject of a
recent review [40].

Despite the high performance obtained with CSyFe-Nno glucoses
additional efforts were made to improve catalyst design further. On that
regard, glucose was already shown to act as a chelating agent during the
synthesis of Fe-N-doped carbon materials, thus enhancing metal-



R.S. Ribeiro et al.

—cs,
CS,Fe-N
|——CS,Fe-N
——CS,Fe
]——Cs N

No glucose

0:4 0:6
E/V vs. RHE

50 nm 50 nm

Carbon 213 (2023) 118192

50 nm 50 nm

Intensity/ a.u.
Intensity/ a.u.

Intensity/ a.u.

294 292 290 288 286 284 282 404 402

398 396 538 536 534 532 530 528 526

Binding energy/ eV Binding energy/ eV Binding energy/ eV

Fig. 4. (a) Linear sweep voltammetry (LSV) curves of hollow CSs prepared under different conditions, obtained in O,-saturated 0.1 mol L' KOH at 1600 rpm;
scanning electron microscopy (SEM) micrographs of (b) CS;Fe-N and (c) CS;Fe obtained in backscattered electron detection mode; (d) high-resolution transmission
electron microscopy (HRTEM) micrograph of CS;Fe-N; and scanning transmission electron microscopy-high angle annular dark field (STEM-HAADF) image and
energy-dispersive X-ray spectroscopy (EDS) elemental maps of (e) CS;Fe-N and (f) CS;Fe (scale bar: 50 nm). Detailed X-ray photoelectron spectroscopy (XPS) spectra
of the (g) C 1s, (h) N 1s, and (i) O 1s regions of CS;Fe-N. Inset in (a) corresponds to a magnification of the region nearby onset potentials (Eqonser). Red arrows in (c)
point out to contrasts consistent with iron particles. O (yellow), Si (blue), C (red), Fe (green), and N (turquoise) are represented in the EDS elemental maps given in
(e), whereas Si (blue), Fe (green), and C (red) are represented in the EDS elemental maps given in (f). Red arrows in (d) point out to contrasts consistent with Fe
atoms. N6, Fe-Ny, N5, and NQ in (h) represent N-pyridinic, N in the chemical state similar to Fe-Nx moiety in iron phthalocyanine, N-pyrrolic, and N-quaternary

species, respectively. (A colour version of this figure can be viewed online.)

heteroatom coordination and subsequent dispersion of active sites on
the carbon surface [18]. Accordingly, CS;Fe-N was synthesized as
depicted in Fig. 1 and detailed in Section 2.2, i.e., upon simultaneous
doping CS; with N and Fe species in the presence of glucose. The per-
formance of CS;Fe-N in ORR is indeed better than that obtained with

CS7Fe-NNo glucoses although only slightly (Fig. 4a and Table 3). Slightly
enhanced E; /5 (0.79 V), Ji, (4.68 mA cm ~2), Hy0, formation (6.9%), and
ne (3.9) are obtained with CS;Fe-N when compared to CS7Fe-NNo glucose
(0.77 V, 4.49 mA cm 2, 8.0%, and 3.8, respectively; Table 3), con-
firming the beneficial role of adding glucose during the synthesis
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Table 3

Summary of ORR results obtained with hollow CSs prepared under different
conditions: onset potential (Eqnset), half-wave potential (E;,»), limiting current
density (J.), hydrogen peroxide (H0,) formation, number of electrons trans-
ferred (n.), and stability®.

Sample Eonse/  E1o/  Ji°/mA H,0,/ n’”  Stability’/
\% \% em ™2 % %

cs; 0.81 0.74 3.88 41.7 32 89

CS;Fe-N 0.90 0.79 4.68 6.9 3.9 99

CS;Fe-Nyo 0.90 0.77 4.49 8.0 38 9

glucose
CS;Fe 0.82 0.69 4.07 21.8 36 94
CS,-N 0.82 0.72 3.70 20.6 36 99

2 All data refers to experiments performed at 1600 rpm.
b Calculated at 0.2 V vs. RHE.

¢ Calculated at 0.4 V vs. RHE.

4 Calculated after 10000 s at 0.4 V vs. RHE.

procedure.

In addition to ORR performance evaluation, relevant properties of
the materials prepared to study the importance and role of each pre-
cursor towards obtaining the optimized electrocatalyst (CS;Fe-N) were
characterized. Ny adsorption-desorption isotherms revealed similar
textural properties among the materials under consideration (Fig. S3
and Table S5). The exception is CSyFe, with a better developed porosity.
A negative correlation was found between the bulk Fe content (Table S5)
and the performance of the hollow CSs prepared under different con-
ditions, i.e., the sample with the lowest bulk Fe content (CS;Fe-N, with
[Fe] = 0.12 wt%) is the best performing in ORR, followed by the samples
with the second lowest (CS7Fe-NNo glucose» With [Fe] = 0.27 wt%) and
highest (CS;Fe, with [Fe] = 0.32 wt%) Fe contents. Once again, these
results confirm that the performance in ORR is dictated by the quality of
Fe active sites on the carbon surface.

Despite the different bulk Fe loads, XRD patterns only reveal broad
peaks at 20 ~ 23° and very slight peaks at 26 ~ 44° (Fig. S4), which are
similar to those previously obtained with hollow CSs prepared with
different Fe loads (Fig. 3f). Likewise, topographical characterization
through SEM in secondary electron detection mode revealed very
similar properties among the hollow CSs prepared under different con-
ditions (Fig. S5), size included (Fig. S6). Nevertheless, differences
become evident when SEM micrographs are obtained in backscattered
electron detection mode (Fig. 4b and c). In the case of the CSs prepared
in the absence of N precursor (CSyFe), Fe particles are observed even in a
SEM micrograph obtained with low magnification (Fig. 4c). On the
contrary, no contrasts corresponding to Fe particles are observed in the
SEM micrograph of the Fe-N-doped CSs prepared in the presence of
glucose (CS;Fe-N; Fig. 4b). Nonetheless, the presence of Fe was
confirmed by EDS in both cases (Fig. S7), together with C, Si, O, and, in
the case of CSyFe-N, N. Moreover, SEM-EDS revealed no significant
differences between the Fe-N-doped CSs prepared in the absence of
glucose (CS7Fe-Nno glucose; Fig. S8) and CS;Fe-N (Figs. S7a and b).

The Fe-containing hollow CSs were also analyzed by TEM (Fig. S9).
Micrographs obtained with low magnification enable similar observa-
tions to those obtained through SEM. Specifically, contrasts consistent
with Fe particles are observed in the TEM micrograph of CS;Fe
(Fig. S9c); whereas only the contrasts arising from the presence of re-
sidual amounts of SiO; are observed in the TEM micrographs of CS;Fe-N
(Fig. S9a) and CS7Fe-Nno glucose (Fig. S9¢). The porous structure of the
Fe-containing hollow CSs becomes evident when TEM micrographs are
collected with larger magnification (Figs. S9b, d, and f). HRTEM, STEM-
HAADF, and EDS were also conducted on the hollow CSs. In this case,
contrasts with ca. 0.2 nm and lower are observed in the HRTEM
micrograph of CS;Fe-N (Fig. 4d) despite the interference from SiOo,
which that can be attributed to the presence of single atoms of Fe.
Additionally, Fe can be detected in these areas by EDS. Moreover, the
STEM-HAADF image and EDS elemental maps of CS;Fe-N show that the
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presence of O is associated with Si, whereas both Fe and N are extremely
well dispersed on the carbon surface (Fig. 4e). Indeed, no Fe aggregates/
particles are observed. On the contrary, Fe particles (diameter > 10 nm)
are clearly visible in the STEM-HAADF image and EDS elemental maps
of CSyFe (Fig. 4f). Regarding the Fe-N-doped CSs prepared in the
absence of glucose (CSyFe-Nno glucose), the observations obtained are
very similar to those previously discussed for CS;Fe-N. Contrasts
consistent with Fe atoms (diameter ~ 0.2 nm) are also observed in the
HRTEM micrograph of CS7Fe-Nno glucose (Fig. S10a), whereas STEM-
HAADF image and EDS elemental maps also confirm the association of
O and Si, and the good dispersion of Fe and N on the carbon surface
(Fig. S10b). Although slightly brighter/larger spots are apparently
observed in some areas of the EDS Fe map of CSyFe-Nno glucose
(Fig. S10b) when compared to those obtained with CS;Fe-N (Fig. 4e),
this difference cannot be interpreted as a lower dispersion as it can just
be the result of the higher Fe content quantified in the case of the former
(Table S6). In any case, the Fe contents obtained by quantitative EDS
analysis (Table S6) are always higher than the bulk Fe contents obtained
by ICP-OES (Table S5).

XPS was carried out to obtain additional insights on the surface
chemical environment of CSyFe-N. The deconvoluted C 1s spectrum
reveals the typical configuration of a sp? hybridized carbon material,
with the C-C peak corresponding to 89.0% of the overall carbon content
(Fig. 4g). The analysis of the N 1s XPS spectrum reveals the existence of
Fe-Ny coordination (Fig. 4h), thus confirming the presence of single-
atom Fe-N active sites on the surface of the CS;Fe-N electrocatalyst.
In fact, 6.5% of its surface N content is coordinated to single-atom Fe in a
chemical state like that of the Fe-Nx moiety in iron phthalocyanine [18],
the remaining N being coordinated to carbon, as pyridinic- (N6; 43.4%),
pyrrolic- (N5; 39.4%), and quaternary-N (NQ; 10.7%) species. N6 and
NQ species have been shown to enhance the activity of metal-free ORR
carbon electrocatalysts [41,42], which may explain the better results
obtained with CS;—N when compared to those obtained with bare CS;
(Fig. 4a and Table 3). Nevertheless, the highest electrocatalytic
enhancement occurs when single-atom Fe-N active sites are introduced,
as observed when the ORR performance of CS;Fe-N is compared to that
of CS;-N (Fig. 4a and Table 3). The O 1s XPS spectrum confirms the
negligible presence of iron oxides on the surface of CS;Fe-N, as no O-Fe
peak was detected at ca. 529.5 eV (Fig. 4i). This observation agrees with
the XRD data, in which no crystalline phases were observed for CS;Fe-N
(Fig. 3f). Therefore, the N 1s and O 1s XPS spectra of CS;Fe-N suggest
the predominance of single-atom Fe-N over other Fe species, as previ-
ously observed through electron microscopy techniques such as HRTEM
(Fig. 4d) and STEM-HAADF/EDS (Fig. 4e). As described in Section 3.2.1,
no Fe species were detected by XPS (ICP-OES confirmed a bulk Fe
concentration as low as 0.12 wt%,; cf. Table S3). Therefore, obtaining
additional insights on Fe species by XPS is unfeasible. Nevertheless, the
noticeable enhancement in ORR activity observed upon incorporation of
such small iron load can be ascribed to the highly active single-atom
Fe-N sites introduced on the surface of CS;Fe-N.

A recent concern regarding the application of single-atom catalysts is
aggregation and sintering during application in ORR, leading to poor
stability [11]. It is thus noteworthy that CS;Fe-N revealed a stability of
99% after 10000 s at 0.4 V vs. RHE (Table 3), a value superior to the 92%
stability revealed by Pt/C — a commercial carbon black catalyst con-
taining as much as 20 wt% of platinum (Table 2). In fact, CS;Fe-N still
yields a current density of 4.47 mA cm 2 after 24 h of continuous
operation under those conditions (Fig. S11), corresponding to an elec-
trocatalytic stability of 98%. This remarkable achievement may be
ascribed to the high structural stability of the single-atom Fe-N active
sites introduced on the surface of CS;Fe-N.

3.2.3. Computational studies

DFT calculations were performed to obtain additional insights into
the importance and role of each precursor towards obtaining the opti-
mized electrocatalyst. Graphene nanoribbons share a carbon-based



R.S. Ribeiro et al.

composition similar to the structural elements of CS;, making them
suitable molecular models for theoretical investigations. Therefore, a
graphene nanoribbon with 60 carbon atoms was used as the molecular
model to simulate a graphene sheet in all the computational studies. The
potential of employing a theoretical methodology at the nanoscale level
for exploring larger molecules has been previously shown by our [43,44]
and other [45,46] research groups. In fact, this computational strategy
strikes a reasonable balance between the accuracy of the results and the
computational resources required. Single-atom Fe, a cluster of 9 Fe
atoms, and single-atom FeN4 were considered as possible active sites,
together with a bare graphene sheet. Schematic representations of the
optimized structures obtained for the adsorption of Oz on possible
electrocatalytic active sites and Gibbs free energy diagrams of ORR
through the associative four-electron pathway are given in Fig. 5. As
observed, O adsorption (i.e., the first step of ORR) is most unfavored on
a bare graphene sheet (Fig. 5i). A large reaction barrier is then observed
for O, protonation to OOH* (AG = + 4.33 eV), thus rendering ORR
through the direct four-electron pathway unfavorable under these con-
ditions. These computational results agree with the experimental data
obtained with CSy;; and explain the contribution of the indirect
two-electron pathway when ORR is carried out on this metal-free ma-
terial, as discussed in Section 3.1 (ne = 3.2 and 41.7% of H,O, forma-
tion; Table 3).

O, adsorption on the Fe-containing structures is more favorable
(4.98 < AG < 5.49 eV, Fig. 5j-1) than on bare graphene (G = 6.69 eV,
Fig. 5i). Nevertheless, the most significant effects occur in the thermo-
dynamical barriers for the subsequent steps of ORR. When the active site
is a single-atom Fe, the limiting step is Oz protonation to OOH* (AG = +
1.54 eV; Fig. 5j); whereas dissociation of OOH* to O* limits ORR on a
small particle of Fe (AG = + 1.74 eV; Fig. 5k). Thus, one can conclude
that single doping of CS; with Fe shifts the ORR pathway towards the
preferred direct four-electron pathway, which agrees with the experi-
mental results obtained with CS; and CSyFe (Section 3.2.2). It can also
be concluded that single-atom Fe possesses higher electrocatalytic ac-
tivity for ORR than a small Fe particle (9-Fe cluster). Nevertheless, the
best performance is obtained with FeN4. Indeed, all the elementary steps
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of ORR are thermodynamically favorable when proceeding on single-
atom Fe coordinated to 4 atoms of N (Fig. 51 and Fig. S12). This sig-
nificant decrease in the thermodynamical barrier for ORR can be
ascribed to the ability of N atoms to limit the agglomeration of metal
precursors such as Fe during the synthesis by anchoring individual metal
centers and modulate the charge density nearby the active sites [11,39].
Indeed, such enhancement in ORR is consistent with the difference
observed when the performances of CS;Fe-N and CS7Fe-Nnpo glucose (i.e.,
the N-containing hollow CSs; in which no Fe particles were identified
through microscopy analyses, only contrasts consistent with Fe atoms
being observed in the TEM micrographs depicted in Fig. 4d and g,
respectively) are compared to that of CS;Fe (i.e., the sample prepared
without N-doping; in which Fe particles clearly visible in the SEM
micrograph depicted in Fig. 4c and the TEM micrograph depicted in
Fig. S9c¢) in Fig. 4a and Table 3. Therefore, the computational results
given in Fig. 5 suggest that single-atom Fe-N active sites were indeed
introduced on the surface of CS;Fe-N and CS;Fe-Nyo glucose; as also
suggested through the experimental results discussed in Section 3.2.2.

4. Conclusions

Metal-free hollow CSs perform better than those still containing a
SiO4 core, suggesting the positive impact of the hollow structure for
ORR. ORR on these metal-free catalysts proceeds both via direct (i.e.,
four-electron) and indirect (i.e., two-electron) reaction pathways.
Nevertheless, electron rich regions caused by structural defects slightly
shift the ORR pathway from the indirect two-electron to the preferred
direct four-electron pathway (from n. of 2.7-3.2.), thus yielding higher
Ji

Single-atom Fe-N active sites were introduced on the surface of the
best-performing hollow CSs (i.e., CS;) without inducing additional
structural defects on the carbon structure, demonstrating the feasibility
of engineering such functionalities through a synthesis methodology
employing only earth-abundant metal precursors such as iron (III) ni-
trate. Despite apparently being a simple synthesis methodology, only the
proper understanding of each precursor’s role allows achieving the goal.
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Fig. 5. (a-h) Schematic representation of the optimized molecular structures obtained for the adsorption of O, on possible electrocatalytic active sites on a graphene
sheet: (a,e) bare graphene sheet, (b,f) single-atom Fe, (c,g) Fe cluster with 9 atoms, and (d,h) single-atom FeN,. (a-d) front views, and (e-h) lateral views. (i-1) Gibbs
free energy diagrams for the four-electron associative oxygen reduction reaction (ORR) on different electrocatalytic active sites on a graphene sheet: (i) bare gra-
phene sheet, (j) single-atom Fe, (k) Fe cluster with 9 atoms, and (1) single-atom FeNy. Colors in (a-h) represent O (green), Fe (red), N (dark blue), and C (gray). Values
in (e-h) represent optimized distances between the represented atoms. Values inside (i-1) represent the overall Gibbs free energy change (AG) for each elementary
step, at U = 0 V. (A colour version of this figure can be viewed online.)
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Simultaneous incorporation of Fe and N precursors during the synthesis
is crucial towards designing single-atom Fe active sites, as the perfor-
mance in ORR is dictated by the quality (and not quantity) of Fe active
sites on the carbon surface. Additional inclusion of glucose as chelating
agent, together with Fe and N, leads to the slightly improved perfor-
mance of the sample denoted as CS;Fe-N in ORR. Nevertheless, despite
the thorough characterization performed, no significant differences
were observed in the properties of the Fe-N-doped hollow CSs prepared
in the absence and presence of glucose.

ORR on CS;Fe-N proceeds almost exclusively through the direct
four-electron pathway (n. = 3.9). A commercial carbon black catalyst
containing as much as 20 wt% of platinum (Pt/C) revealed a similar
feature, with n, = 3.9. All this was accomplished despite the very low
iron load introduced into CSyFe-N (0.12 wt%). More interestingly, the
stability of CS;Fe-N (both in the presence or absence of methanol) is
higher than that of Pt/C. Therefore, although the activity of CSyFe-N
towards ORR is slightly inferior to that of the commercial Pt/C, CS;Fe-N
outperforms Pt/C in what concerns to operating stability and methanol
tolerance. Accordingly, the methodology herein reported opens a win-
dow of opportunity for the development of highly stable ORR electro-
catalysts based on these unique hollow 3D carbon structures tailored
with single-atom Fe-N active sites.
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