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Huize Wang, © 12 Maria Jerigova,1? Jing Hou, ©2 Nadezda V. Tarakina, ©?2
Simon Delacroix, ©° Nieves Lc’>pez—Salasﬂ3*a and Volker Strauss & *2

In this study, we demonstrate the tuning of the oxygen reduction reaction (ORR) using iron/iron oxide
nanoparticle grafted laser-patterned nitrogen-doped carbon (LP-NC) electrodes. Depending on the
preparation route, ie. addition of a molecular Fe(NOs), precursor before (route 1) or after pre-
carbonization (route 2) of the citric acid/urea precursors, either the 4e™ or the 2e™ pathway in the ORR
is facilitated leading to either H,O or H,O, as a reaction product, respectively. The kinetic reaction
conditions afford mixed valence metal oxide nanoparticles embedded in LP-NC in the form of either
Fe,Oz/Fe or Fe,O3/FeO/Fe, respectively, facilitated by an in situ carbothermal reduction during the laser-
induced carbonization. In HR(S)TEM analysis we found evidence for the occurrence of Fe,Osz in the n- or
a-phase, depending on the preparation route. Reciprocally, the graphitization is also affected by the
preparation route leading to either homogeneous graphitization or a locally graphitized shell structures
around the nanoparticles. In the 4e™ mediated ORR facilitated by n-Fe,Oz/Fe@LP-NC onset potentials as
low as 0.70 V (vs. RHE) with a H,O, production efficiency of 4% and 10% in alkaline and neutral
electrolyte, respectively, were determined. On the other hand, a-Fe,O3/FeO/Fe@LP-NC presents an
onset potential for the 2e™ mediated ORR as low as 0.77 V with a H,O, production efficiency of nearly
80%. The changes in selectivity and physicochemical properties of the electrocatalysts by applying
simple modifications in the synthetic route point to laser-patterning as a very promising route to scale

rsc.li/materials-a

Introduction

In the face of current global energy and environmental chal-
lenges, the development of alternative energy conversion
systems has become increasingly critical. In this regard, elec-
trochemical energy conversion facilitated by sustainable elec-
trocatalysts is expected to be a frontrunner in future energy
supply.' An essential reaction in a number of electrocatalytic
applications is the oxygen reduction reaction (ORR), in which
molecular oxygen (O,) is electrochemically reduced to either
H,0 or H,0, following the 4e~ or 2e” pathway, respectively.> In
the ORR process, the common intermediate adsorbate on the
catalyst interface is *~OOH (* denotes an active site). Depending
on the active sites and the catalyst design either the dissociation

“Department of Colloid Chemistry, Max Planck Institute of Colloids and Interfaces, Am
Miihlenberg 1, 14476 Potsdam, Germany. E-mail: Nieves.LopezSalas@mpikg.mpg.de;
volker.strauss@mpikg.mpg.de

*LPICM, CNRS UMR 7647, Ecole polytechnique, Institut Polytechnique de Paris,
Palaiseau 91128, France

T Electronic supplementary information available. See
https://doi.org/10.1039/d2ta05838¢c

i Contributed equally.

(ESI)

24156 | J. Mater. Chem. A, 2022, 10, 24156-24166

up designer electrodes for electrochemical conversion.

at the active site (*~OOH) or the O-O bond (*O-OH) is favoured,
resulting in the formation of H,0, or 2H,O, respectively.
According to the standard potentials the 4e~ pathway is ther-
modynamically preferred.’

The latter is applied in state-of-the-art proton-exchange
membrane (PEM) fuel cells to convert chemical energy into
electric energy.* Today, carbon-supported platinum (Pt) is the
preferred choice of a catalyst system in commercial devices to
achieve the best economic ORR performance.® Such systems
provide excellent reaction kinetics and flexibility.*” However,
high costs due to limited natural reserves and rapid deactiva-
tion due to the inevitable phenomenon of methanol crossover
are still limiting factors for the widespread practical application
of PEM fuel cells.? Furthermore, the 4e~ ORR is used in metal-
air batteries.® On the other hand, H,0, formed in the 2e™
reduction pathway is a valuable chemical used in many appli-
cations such as paper production, chemical synthesis, or water
treatment,' and is currently produced by a highly energy-
consuming process of anthraquinone oxidation." However, the
production of cheap and stable catalysts showing high selec-
tivity towards the 2e” reduction pathway is still a topic of
research."

This journal is © The Royal Society of Chemistry 2022
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To avoid the use of expensive noble metals, abundant tran-
sition metals on carbon supports with competitive catalytic
activity and selectivity for the ORR are a promising alternative.*
For instance, iron oxides (a-Fe,0s,' v-Fe,O3 (ref. 15 or Fe;O,
(ref. 16) or iron carbides'”*® have been shown to catalyze the 4e™
pathway reduction of O, and exhibit long-cycle durability.
Furthermore, recent research shows that the adsorption and
desorption of adsorbates on the catalyst surface in iron-
nitrogen co-doped carbon-based catalysts is enhanced due to
the unique electronic Fe-N-C bond structures. It has a favour-
able impact on surface stability and catalyst activity, and
exhibits an anti-poisoning effect in fuel cells.”**® On the other
hand, some reports show iron oxides embedded in carbon
matrices that selectively catalyze the 2e~ pathway of the
ORR.>*** Additionally, Fe single-atom coordinated oxidized
carbon nanotubes have shown high activity (>90%) in the
selective 2e” ORR in neutral electrolytes.>* Understanding the
mechanisms behind selectivity is still a central issue in
designing catalysts.”®

An essential aspect for commercial application in electro-
catalytic systems are the fabrication costs of the electrodes. In
the past few years, laser-assisted processing methods of low-
cost starting materials have been widely investigated for applied
electrocatalytic systems. For instance, in 2017, a laser-carbon-
ized membrane was demonstrated as an efficient electrode for
water-splitting to produce both H, and 0,.?° In 2018, O,-plasma
treatment of the surface of such laser-carbonized membranes
was proven to increase the density of oxygen functional groups
as active sites, which reduces the activation energy by facili-
tating adsorption of OER intermediates.”” Therefore, in addi-
tion to high electrocatalytic activity, the simple and low-energy-
consumption preparation method of the electrode has attracted
extensive attention.

Here, we report the laser-assisted synthesis of a carbon-
supported mixed valence iron oxide-based ORR catalyst. We use
citric acid and urea as molecular precursors to create a carbon
network-forming agent (CNFA) for laser-assisted carbonization
and iron(w) nitrate as a precursor for the in situ formation of
iron-containing nanoparticles in a laser-patterned nitrogen-
doped carbon (LP-NC) matrix. By selection of the synthesis
route, the structure of the composite is varied and the ORR
selectivity is tuned between the 2e~ and 4e” pathways.
Comprehensive complementary analysis by X-ray photoelectron
spectroscopy (XPS) and high-resolution transmission electron
microscopy (HRTEM) suggests the kinetic formation of cata-
lytically active mixed valence iron oxide nanoparticles of
different compositions depending on the synthesis route. Their
formation mechanism via laser-induced carbothermal reduc-
tion also influences the local graphitization of the LP-NC matrix
surrounding the mixed valence iron oxide nanoparticles.

Results and discussion
Sample preparation and characterization

Laser-patterned catalyst electrodes were fabricated by a two-step
approach including ink preparation and laser-carbonization.
The inks were prepared by two different routes as illustrated in
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Fig. 1. In route 1, all molecular precursors, namely citric acid,
urea, and Fe(NOj); were thoroughly mixed and then pre-
carbonized at 300 °C for 2 h (see the Experimental section). The
resulting iron-containing carbon network-forming agents
(CNFA(Fe)) with different iron contents were then processed
into inks. In route 2, different amounts of Fe(NOs); were added
to the readily prepared iron-free CNFA and further processed to
inks. As a standard solvent for all inks, ethylene glycol was used.
The inks were doctor-bladed on the substrates (PET, Si wafer, or
carbon cloth) and dried to obtain films with mean thicknesses
of ~30 pm. Then the dry films were irradiated with a mid-
infrared CO,-laser (A = 10.6 pm) to create homogeneous elec-
trode films in the desired dimensions. The resulting iron-con-
taining LP-NC electrodes are named LP-NC(Fe)_n(x) with n
indicating the preparation route (1 or 2) and x indicating the
mass percentage of Fe after laser-carbonization. The mass
percentages of iron in the laser-patterned films were deter-
mined by inductively coupled plasma mass spectrometry (ICP-
MS) and are listed in Table 1.

In accordance with previous observations, laser-induced
carbonization causes a drastic increase in the carbon content at
the expense of nitrogen and oxygen (Table S1t). The quantita-
tive iron content is slightly increased after laser treatment. For
example, the carbon and iron contents of 48 wt% and 2.3 wt%
in CNFA(Fe)_(2.3) increased to 78 wt% and 3 wt% in LP-NC(Fe)
_1(3.0) after laser carbonization (Table S1%), respectively. The
addition of iron nitrate seems to have no significant influence
on the formation of the typical disordered, porous morphology
of the films with a relatively low iron content. Only in route 1 at
higher concentrations of Fe, e.g. 12.1 wt%, the morphology of
LP-NC(Fe)_1(12.1) is considerably different compared to that of
the films with lower Fe concentrations in terms of forming
a somewhat crumpled structure. In comparison, no such
impact on the morphology upon addition of iron nitrate is
observed for the films prepared by route 2.

The Raman spectra of the films prepared by following route
1, i.e. LP-NC(Fe)_1(x), show relatively sharp D-, G-, and G"-bands
at 1340, 1574, and 2676 cm™ ', respectively, and negligible
contributions from disorder-induced carbon and sp*-carbon
(D3 at 1460 cm™ " and D4 at 1200 cm™ '), indicating the forma-
tion of a turbostratic graphitic material with a high degree of
carbonization.”®** With the increasing iron content an increase
in the defect related D-band is observed. The same principal
observation is also made in the films prepared by following
route 2. However, all LP-NC(Fe)_2(x) films show large contri-
butions of D3 and D4 peaks as well as a low and broad G’ band.
This is generally attributed to samples with a lower degree of
graphitization. Iron-based compounds are well-known as cata-
lysts for graphitization of carbon.*® The mechanism of graphi-
tization is often not clear; however, in this case we observe an
obvious difference between the two preparation routes. During
pre-carbonization at 300 °C partial decomposition and cross-
linking of the molecular precursors occur. Adding Fe(NO;); to
the molecular precursors prior to pre-carbonization supports
the formation of an iron-containing CNFA(Fe), in which Fe** is
present during the cross-linking, and is thus homogeneously
incorporated by coordination (Fig. S11). On the other hand, the
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Fig. 1 Illustration of the sample preparation via two routes. (a) Route 1: mixtures of citric acid, urea, and Fe(NOxs)s are pre-carbonized at 300 °C
and the resulting CNFA(Fe) is processed to an ink; Route 2: citric acid and urea are pre-carbonized at 300 °C and Fe(NOs)s is added to the CNFA
and processed to an ink; (b) casting of the CNFA films on substrates and laser-patterning of the films.

Table 1 Overview of the samples. The upper half was prepared according to route 1 and the lower half was prepared according to route 2

Fe(NO3)3-9H,0, Fe content
Sample, LP-NC(Fe)_n(x) Citric acid, g Urea, g g (ICP), %
Route 1 LP-NC(Fe)_1(3.0) 5 5 0.2 3.0
LP-NC(Fe)_1(4.6) 5 5 0.3 46
LP-NC(Fe)_1(12.1) 5 5 1 12.1
CNFA, Fe(NO3);-9H,0, Fe content
g g (ICP), %
Route 2 LP-NC(Fe)_2(3.3) 0.2 0.02 3.3
LP-NC(Fe)_2(3.8) 0.2 0.04 3.8
LP-NC(Fe)_2(14.5) 0.2 0.1 14.5

iron-free CNFA used in route 2 is cross-linked before Fe(NO3); is
added. As a result, the in situ decomposition of the iron-
precursors is affected, which is demonstrated in the different
Raman patterns, on the one hand, and different electrical
conductivities, on the other. In route 1, LP-NC(Fe)_1(3.0)
exhibits the highest electrical conductivity with 7.8 S cm™* and
decreases with the higher iron content (Fig. S2t)., whereas for
route 2 the opposite trend is observed, namely LP-NC(Fe)_2(3.3)
with a lower iron content has a lower electrical conductivity of
3.5 S em™ ", which increases to 8.7 S em™" for higher iron
contents LP-NC(Fe)_2(14.5).

Further support for this interpretation is found in the XRD
patterns of the films, as we observe narrower graphitic (200) and
(10) reflections at 26 and 44° 26 for samples prepared by route 1
(Fig. 2e-f). Interestingly, the (10) reflection increases in inten-
sity with the increasing iron concentration, indicating an
increase in defects and a change in the lateral size of the
graphitic domains.*" This suggests that an optimal amount of
iron is necessary to achieve a high degree of graphitization.
Additional peaks at 30.0, 35.4, 43.0, 53.4, 56.9 and 62.5° that
appear in the film with the highest iron concentration LP-
NC(Fe)_1(12.1) are assigned to the (220), (311), (400), (422),
(511), and (440) crystal planes of Fe;O, [ICDD 19-629],

24158 | J Mater. Chem. A, 2022, 10, 24156-24166

respectively. These peaks are not detected in the samples with
lower iron concentrations, most likely due to a too small size
and too low concentrations of iron-containing nanoparticles.

As a reference, for the primary films of route 1, only
graphitic reflection with no signals of iron oxides is observed
(Fig. S47). This indicates that iron oxide is formed during laser-
carbonization and not during pre-carbonization. This is also
reflected in reference measurements using TEM/EDX analysis,
where no iron oxide particles are found in the primary films
(Fig. s47).

In the XRD patterns of the samples prepared by route 2
(Fig. 2f), e.g. LP-NC(Fe)_2(14.5), the diffraction peaks at 35.6,
and 49.5° correspond to the (110) and (024) lattice planes of
Fe,0; (ICDD 33-664) and those at 35.4 and 43.0° are assigned to
the (311) and (400) crystal planes of Fe;0,. Again, for LP-NC(Fe)
_2(3.3) with a lower Fe content, only the graphitic reflection
(002) and the carbon (111) symmetric Bragg reflection are
observed. Therefore, we conclude that the addition of iron
nitrate in different routes not only affects the final oxidation
form of iron but also the degree of graphitization and the local
crystal structure of the LP-NC.

To study the bonding structure of the materials, X-ray
photoelectron spectra (XPS) of all LP-NCs as well as the primary

This journal is © The Royal Society of Chemistry 2022
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(a) SEM images of films of LP-NC(Fe)_1(x) prepared on a flexible PET substrate by following route 1 and (b) LP-NC(Fe)_2(x) prepared by

samples prepared by following route 1 and (d) route 2; (e) corresponding

X-ray powder diffraction (XRD) patterns of the LP-NC(Fe)_1(x) films prepared by following route 1 and (f) route 2.

films with a focus on the Cqg, Nyg, Oy, and Fe,, regions were
collected (Fig. S5-S9t). The C;4 region of all LP-NCs reveals
a high degree of carbonization reflected by the prominent sp>-
carbon peak at 284.4 eV and the presence of oxygen and
nitrogen-containing functional groups indicated by the peaks at
285.3, 286.2 and 287.9 eV which are assigned to sp>-carbon, C-
N/C-0, and C=N/C=0, respectively. The N;4 areas of LP-NCs
from both route 1 and route 2 show a prominent signal at 399.8
eV stemming from pyrrolic N and two minor peaks at 398.5 and
401.5 eV from pyridinic and graphitic N, respectively. In the
primary films, pyridinic N is the major peak (Fig. S71).

An important difference between the primary films of route 1
and route 2 (pre_NC(Fe)_1(x) and pre_NC(Fe)_2(x)) is found in
the Ny region. The pre_NC(Fe)_2(x) films (route 2) show an
additional peak at 406.5 eV corresponding to NO; ™~ (Fig. S97),
while it is not present in pre_NC(Fe)_1(x) (route 1). This indi-
cates that in route 1, iron nitrate is decomposed after pre-
carbonization. The O, regions of the samples show peaks
originating in oxygen functional groups from the carbon matrix,
as well as an iron oxide related peak at 530.1 eV (Fig. S6 and
S97). The intensity of this peak increases with an increase in the
iron content coming from the formation of iron oxide.

For the Fe,, region of route 2, in the primary film pre-NC(Fe)
_2(3.3), the peaks at 710.3 eV and 723.4 eV constitute the
characteristic doublet of Fe 2P;,, and 2P, core-level spectra of
Fe*" are observed due to the addition of iron nitrate (Fig. 3a).
After laser-carbonization, the spectra of LP-NC(Fe)_2(3.3)
shows an additional Fe(0) peak at 706.8 and the peaks shift to
high binding energy and broaden, which is typically assigned
to the co-presence of Fe*" and Fe®* species.?®* In contrast, for
LP-NC(Fe)_1(3.0), in addition to the Fe(0) peak, the levels
Fe**(2P;,,) and Fe**(2P,,,) and their satellite peak at around
719.5 eV are characteristic of Fe,O;. However, the peaks

This journal is © The Royal Society of Chemistry 2022

observed in the primary film pre-NC(Fe)_1(3.0) shift to low
binding energy and the peaks appearing at 709.5 eV and 722.6
eV are assigned to Fe®'(2P;,) and Fe®'(2Py.,), respectively.
Interestingly, from the elemental composition quantified by
using the XPS spectra (Table S2t), the iron content on the
surface of the LP-NC(Fe)_2(x) films of route 2 is significantly
higher than that of route 1.

The two samples with low iron contents, LP-NC(Fe)_1(3.0)
and LP-NC(Fe)_2(3.3), were investigated using (scanning)
transmission electron microscopy ((S)TEM) and energy-
dispersive X-ray (EDX) microanalysis (Fig. 3b). In both samples
iron-containing nanoparticles are embedded in a carbonized
matrix; however, the type of the crystalline phase formed
during the synthesis and the overall distributions of the
particles in the matrix are found to be different. In the LP-
NC(Fe)_2(3.3) sample we observed a local increase in the
degree of graphitization of the carbonized matrix around the
iron-containing particles, forming a “graphitic” shell. In
contrast, in LP-NC(Fe)_1(3.0) the carbon film displayed
uniform graphitization throughout all analyzed areas (Fig. 3c).
This observation is in good agreement with the Raman data
presented above, showing that LP-NC(Fe)_1(3.0) exhibits
a higher degree of graphitization. Analysis of fast Fourier
transforms (FFTs) obtained from the HRTEM images of iron-
containing nanoparticles suggests that these two samples
contain different forms of iron oxides. LP-NC(Fe)_1(3.0) has n-
Fe,0; particles (orthorhombic unit cell, sp.gr. Cmcm), while in
LP-NC(Fe)_2(3.3) a-Fe,0; particles (trigonal unit cell, sp.gr.
R3c¢) and FeO particles (cubic unit cell, Fm3m) were observed. In
general, the LP-NC(Fe)_2(3.3) sample was found to be less
homogeneous, showing, in addition to nanoparticles, large Fe—
O-containing flakes as well as very small Fe-containing clusters
(Fig. S11t). Local EDX analysis performed on both samples

J. Mater. Chem. A, 2022, 10, 24156-24166 | 24159
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Fig. 3 (a) Fey, regions of the XPS spectra of LP_NC(Fe)_1(3.0)/pre_NC(Fe)_1(3.0) (top) and LP_NC(Fe)_2(3.3)/pre_NC(Fe)_2(3.3) (bottom); (b)
ADF-STEM images and the corresponding EDX maps of Fe-Ka, O-K, and C-K signals in LP_NC(Fe)_1(3.0) (top) and LP_NC(Fe)_2(3.3) (bottom)
samples. The corresponding EDX spectra are shown in Fig. S10;7 (c) overview TEM images and HRTEM images of Fe-containing hanoparticles in
LP_NC(Fe)_1(3.0) (orange) and LP_NC(Fe)_2(3.3) (green). Fast Fourier transforms obtained from HRTEM images of the particles are shown on the

right.

confirms that nanoparticles contain Fe and O; however, since
oxygen is partially present in the carbonized matrix, direct
determination of the phase composition from EDX maps is not
always possible. Moreover, one can see variations of the
contrast in annular-dark field STEM (ADF-STEM) images
(Fig. 3a) and in the oxygen distribution in the O-K maps,

24160 | J Mater. Chem. A, 2022, 10, 24156-24166

suggesting that the oxygen content can vary even within the
same particle. Overall, the TEM and EDX data are in line with
XPS measurements, suggesting that via route 1 Fe,O; oxide is
predominantly formed, while route 2 leads to the formation of
both Fe,0; and FeO.** The intrinsic inhomogeneity among the

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta05838c

Open Access Article. Published on 19 October 2022. Downloaded on 3/5/2026 2:37:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Carbothermal reduction: I

Fe,04(s) + 3 CO(g) — 2 Fe(s) + 3 CO,(g)

1) 3 Fe,04(s) + CO(g) — 2 Fes0,4(s) + CO,(a)
2) Fez0,4(s) + CO(g) — 3 FeO(s) + CO,(g)

3) FeO(s) + CO(g) — Fe(s) + CO,(g)

Fe,04(s) + x LP-C(s) — Fe(s) + y CO,(g) + x-y LP-C(s)

Fe(CNFA)
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Fe(NO3),

)

—
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LP-C matrix mm graphitized shell

Fig. 4 Carbothermal reduction mechanisms and illustration of the formation of iron containing particles embedded into the LP-NC matrix in

route 1 and route 2.

particles found by EDX can be the reason for the small but
distinct signal of Fe(0) observed in the XPS spectra (Fig. S117).

Proposed formation mechanism

Taking the results of the previous characterization investiga-
tions into consideration, we propose the formation mechanism
based on carbonization of the CNFA and simultaneous carbo-
thermal reduction of the iron precursors (Fig. 4). Typically,
during such carbothermal reductions, which occur in the
temperature range of up to 1000 °C, the carbon is oxidized and
cleaves off CO or CO,, which subsequently supports the
graphitization of the remaining carbon.*>*® Notably, the reac-
tion temperature cannot be measured directly. However, by the
degree of graphitization a reaction temperature gradient of <500
°C and >1500 °C between the lower and the upper layer of the
LP-NC film is assumed.*” The difference between the two routes
lies in the prearrangement and the nature of the iron precursors
in the primary inks.

For route 1, at temperatures >80 °C urea decomposes into
isocyanate and ammonia which reacts with iron nitrate to
generate coordinated Fe®* species (see XPS) and potentially
FeO(OH).*® These Fe®* species are expected to be incorporated
homogeneously into the cross-linked CNFA. In a previous study,
we demonstrate that upon annealing a mixture of citric acid and
urea, two main intermediate products are formed, namely
HPPT and oligomeric urea.* These two components form
strong hydrogen-bond networks which eventually cross-link at
elevated temperatures to form aggregated particles. The Fe**
species are found homogeneously inside these particles
(Fig. S4%). A recrystallization into «-Fe,Osz, as it has been
observed in other studies at ~300 °C, cannot be confirmed.****
Although, the decomposition of iron nitrate during pre-
carbonization (Fig. S71) is confirmed, no iron oxide nano-
particles were identified in XRD (Fig. S31) or TEM (Fig. S47)
analysis. The involvement of Fe** species in the process of cross-
linking during pre-carbonization may enhance thermal stability
and electrical conductivity of the resulting LP-NC network,
which is observed from the XPS spectra (Fig. 3) of pre-NC(Fe)
_1(x) where the peaks shift to a lower binding energy. During
laser-carbonization the cross-linked pre-NC(Fe)_1(x) form
a homogeneous graphitized carbon matrix with predominantly
n-Fe,O; particles incorporated.

This journal is © The Royal Society of Chemistry 2022

On the other hand, in route 2, Fe(NO); is added after cross-
linking and does not influence the cross-linking of the CNFA.
The transformation from Fe(NO); into iron-containing nano-
particles occurs during laser-treatment on a short kinetic time-
scale. The effect of the carbothermal reduction is apparent by
the formation of the graphitic shells around the iron-containing
particles (Fig. 3c). This shift of thermal energy during the laser
treatment leads to the localized graphitic domains while larger
fractions of the carbon network are still amorphous, which
explains the presence of D3 and D4 bands in the Raman spectra
(Fig. 2d). In general, higher concentrations of iron precursors
foster the formation of larger iron oxide particles which are
detected in XRD, while the small particle sizes of <20 nm at low
concentrations do not afford sharp peaks.

Electrocatalytic ORR performance

The performance of the LP-NC(Fe)_1(x) and LP-NC(Fe)_2(x)
composite materials was evaluated as ORR electrocatalysts in
alkaline media (0.1 M KOH) using a rotating ring disk electrode
(RRDE) set up. The analysis was performed using a glassy
carbon RRDE tip with a platinum ring (see the Experimental
section). A slurry prepared using ground materials with Nafion
as a binder was drop cast on the tip. The larger current densities
reached with LP-NC(Fe)_1(x) samples compared to that with LP-
NC(Fe)_2(x) in the linear sweep voltammetry curves (Fig. 5) are
indicative for higher activity and local conductivity of the
samples (Fig. S21) and could be explained by the higher
graphitization of the catalyst. The number of electrons trans-
ferred during the reduction reaction was calculated based on
the amount of H,0O, detected at the Pt ring. LP-NC(Fe)_1(x)
samples clearly promote the reduction of oxygen mainly
through a 4e” transfer mechanism but, at lower iron loadings
a certain contribution of the 2e~ transfer mechanism is
observed. On the other hand, O, is reduced through a 2e™
transfer by LP-C(Fe)_2(3.3) and through a 4e™ transfer mecha-
nism by sample LP-C(Fe)_2(14.5).

There are many properties which influence the performance
and mechanism of a sample as a catalyst in the ORR, such as
conductivity, structure and functional groups of the carbon
matrix as well as the presence of metallic particles. Due to this
fact, it is not easy to pinpoint the exact catalytic site and clearly
state a cause for the main difference between samples. Samples
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voltammetry and (d) calculated number of transferred electrons and H,O, production efficiency of LP-NC(Fe)_1(3.3), and LP-NC(Fe)_1(14.5).

H,O, ring current and selectivity (%) are in dashed lines.

prepared by route 1 are more conductive which enhances the
current densities. The difference in conductivity may facilitate
the electron transfer and favour the 4e™ transfer mechanism.

Another property that needs to be addressed is the nitrogen
species. Importantly, the samples LP-C(Fe)_1(3.0) and LP-C(Fe)
_2(3.3) contain mainly pyrrolic nitrogen and show relatively
high H,0, production efficiency (Table S37). The role of pyrrolic
nitrogen in selective H,O, production was well demonstrated by
Yang et al. in a report on low-cost N-doped carbon catalysts
fabricated in a one-step carbonization of pomelo peel biomass
waste.*® Furthermore, Li et al. have shown that an increase in
the content of pyrrolic nitrogen leads to a higher production of
H,0,, which they further supported by X-ray absorption near-
edge structure spectroscopy (XANES) analysis.** When looking
at our XPS analysis, it was found that the content of pyrrolic
nitrogen compared to that of other nitrogen types is higher for
samples from route 2, which supports the 2e~ mechanism.
Pyrrolic nitrogen is dominant in both sets of samples, and
might have a larger influence as a catalytic site at lower iron
loadings. This goes along with the certain contribution of the
2e~ mechanism observed for samples LP-NC(Fe)_1(3.0) and LP-
NC(Fe)_2(3.3).

24162 | J. Mater. Chem. A, 2022, 10, 24156-24166

The studies on carbon-based materials that contain iron
oxide do not show a clear correlation between the type of iron
oxide and the resulting mechanism and a through literature
survey is presented in Table S4.1 We observed a clear difference
in the nature of the iron oxides present in our materials as
summarized in Table 2. In the case of LP-NC(Fe)_1(x), the iron
oxide is distributed on an evenly carbonised matrix, meaning
that the iron oxide will be directly in contact with the electrolyte.
In the case of LP-NC(Fe)_2(x), the iron oxide nanoparticles are
surrounded by a graphitic layer, which prevents direct exposure
to the electrolyte. This will change the active site and will have
an effect on the desorption of the ~-OOH intermediate, which
might lead to a different mechanism. We observed that for both
sets of samples the performance of the electrocatalysts towards
the 4e” mechanism is enhanced at larger iron loadings. At
larger loadings, the formation of larger carbon graphitic
domains is more favourable which might facilitate the electron
transfer. The iron catalytic sites from route 1 are exposed to the
electrolyte and the support conductivity favours that, even at
low iron loadings, the contribution of the 4e™ transfer mecha-
nism predominates. On the other hand, in samples from route 2
the sites are not directly exposed to the electrolyte and the

This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of the results obtained using the materials as oxygen reduction reaction electrocatalysts

a

n H,0, production
Sample Onset E°, V pH = 14? pH = 14° pH = 7.2¢ Fe type
LP-NC(Fe)_1(3.0) 0.77 3.5 40% 10% n-Fe,0; and Fe(0)
LP-NC(Fe)_1(12.1) 0.80 4 2% — Fe;0,4
LP-NC(Fe)_2(3.3) 0.70 2.5 80% 3% a-Fe,03, FeO, and Fe(0)
LP-NC(Fe)_2(14.5) 0.72 3.5 8% — a-Fe,O3

¢ Number of transferred electrons. © 0.1 M KOH as an electrolyte. ¢ Phosphate buffer as an electrolyte.

carbon support is not as conductive. Thus, at a low iron content,
the 2e~ mechanism predominates due to the contribution of
the pyrrolic functional groups and the poorer conductivity.
When the loading of iron increases, the contribution of the 4e™
transfer mechanism also does. We also analysed the behaviour
of samples LP-C(Fe)_2(3.8) in order to further corroborate this
hypothesis (Fig. S121). The results show that when the iron
content is between that of samples LP-C(Fe)_2(3.3) and LP-C(Fe)
_2(14.5), the contribution of both mechanisms is also in
between. For instance, the average number of electrons trans-
ferred is 3 and the average percentage of H,O, produced is 50%.

Samples LP-C(Fe)_1(3.0) and LP-C(Fe)_2(3.3) were also eval-
uated in O,-saturated neutral media (500 mM phosphate buffer
with pH 7.2). In this electrolyte, the onset of the ORR is at 0.5 V
vs. RHE in both cases. Both samples yield very little H,O, and
the number of transferred electrons is above 3 (Fig. S1371). The
limiting current obtained was much larger than that found in
basic media.

Conclusions

In summary, we introduced a concept to fabricate ORR catalyst
electrodes by a simple and cost-effective laser-assisted carbon-
ization method affording mixed valence iron oxide nano-
particles embedded in a nitrogen-doped carbon matrix. The
electrodes are based on earth-abundant and recyclable mate-
rials and are processed by an efficient, fast and low-energy
synthesis method. By simply changing the preparation
sequence we were able to modulate the catalyst performance
between the 2e” and 4e~ pathways and thereby create product
selectivity in the ORR. Our experimental results demonstrate
how different iron contents and the sequence of the film
preparation influence the chemical and structural composition
of the active catalysts, namely the type of iron oxide, the degree
of graphitization, and the local structure of the final laser-
carbonized electrodes. The effect of the type of nitrogen func-
tionality, degree of graphitization and iron type was used to
rationalize the ORR performance of the samples. The obtained
mixed valence iron oxide structures, namely 3 wt% a-Fe,O3/
FeO/Fe embedded into N-pyrrolic doped carbons were identi-
fied as highly active and selective for O, reduction to H,O,. Well
graphitized LP-NC with predominant n-Fe,Oz/Fe species
embedded preferably supports the 4e” pathway to generate H,O
with 4% and 10% efficiency in alkaline or neutral electrolyte,

This journal is © The Royal Society of Chemistry 2022

respectively. Future efforts can be focused on the electrode
design for pure H,O generation and the utilization of alternative
carbon-network forming agents or precursors for the selective
formation of catalytically active interfaces. Such electrodes may
find application as environmentally friendly and sustainable
alternatives in, for example, energy storage, water treatment,
and H,0, generation.

Experimental section

Materials

Citric acid (>99%, Sigman-Aldrich), urea (>99.3%, Alfa Aesar),
iron(m) nitrate nonahydrate (>98%, Alfa Aesar), ethylene glycol
(=99.7%, AnalaR Normapur, VWR chemicals), poly-
vinylpyrrolidone (average mol wt. 10 000, Sigma-Aldrich), 0.1 M
Titripur® potassium hydroxide solution (Aldrich), Nafion 117
5% solution (Aldrich) and pH 7 phosphate buffer solution (500
mM, Aldrich) were used.

Preparation of LP-NC(Fe)_n(x)

Route 1. 5 g citric acid, 5 g urea and 0.2, 0.3, or 1.0 g iron(u)
nitrate nonahydrate (Fe(NOs);-9H,0) were dissolved in 10 mL
methanol and thoroughly mixed. The solvent was evaporated and
the solid mixture was annealed at 300 °C for 2 h in a tube furnace
at a heating rate of 3.11 K min~". The resulting black powders
were ground by ball milling (PM 100, Retsch) for 1 h at 650 rpm to
obtain the iron doped carbon network-forming agents
(CNFA(Fe)). 0.2 g of each CNFA(Fe) were then dispersed in 2 mL
of ethylene glycol and stirred for 24 h to obtain viscous inks.

Route 2. The CNFA (CA/U(300)) was prepared according to
route 1 without the addition of Fe(NOj);-9H,0.*® Fe(NO;);-
-9H,0 was dissolved in 0.2 mL ethylene glycol to obtain solu-
tions with different concentrations between 0.1 and 0.5 g mL™".
0.2 g of CA/U(300) was then added and the mixture was stirred
for 24 h to obtain a viscous ink.

A drop of the ink was applied onto the substrate (PET) and
the ink was doctor bladed with a blade distance of 130 um.
Ethylene glycol was then evaporated at 80 °C on a precision
hotplate (PZ2860-SR, Gestigkeit GmbH) to obtain the final films
with mean thicknesses of 30 um.

The powder collection of the sample. A drop of the ink was
applied onto a Si wafer and then doctor bladed with a blade
distance of 700 um. Ethylene glycol was evaporated at 80 °C on
a hotplate. After laser-carbonization, the powder of LP-NC(Fe)
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was scraped off the silicon wafer. The powders were thoroughly
washed with 1.0 M NaOH by sequential sonication and centri-
fugation until the supernatant was clear, i.e. all unconverted
precursors were washed out. The remaining black solid was
washed with H,0 and methanol to remove all NaOH and obtain
a pure laser-carbonized product.

A high-precision laser engraver setup (Trotec Speedy 100, 60
W CO,-laser, 2.5 inch focus lens, and a spot size of 170 pm) was
used for laser-carbonization. The resulting energy fluence (F =
72 m~ ") was calculated from the product of the laser power (P
=1.02 W) and the scanning speed (71 s m ™ '). Each laser pattern
consists of 100 parallel laser lines with a length of 10 mm and
a line separation of 0.1 mm to obtain a homogeneous electrode
film of 10 x 10 mm.

Characterization

Raman spectra were obtained with a confocal Raman microscope
(alpha300, WITec, Germany) equipped with a piezo-scanner (P-
500, Physik Instrumente, Karlsruhe, Germany). The laser, A = 532
nm, was focused on the samples through a 50x objective. The
laser power on the sample was set to 5.0 mW. Scanning electron
microscopy was performed on a Zeiss LEO 1550-Gemini system
(acceleration voltage: 3 to 10 kV). An Oxford Instruments X-MAX
80 mm® detector was used to collect the SEM-EDX data. Trans-
mission electron microscopy (TEM) was performed using
a double Cs corrected JEOL JEM-ARM200F (S)TEM operated at 80
kv, 10 pA and equipped with a cold-field emission gun and a high-
angle silicon drift energy dispersive X-ray (EDX) detector (solid
angle up to 0.98 steradians with a detection area of 100 mm?).
Annular dark field scanning transmission electron microscopy
(ADF-STEM) images were collected at a probe convergence semi-
angle of 25 mrad. The so-called “beam shower” procedure was
performed with a defocused beam at a magnification of 8000x for
30 minutes; it was necessary for reducing hydrocarbon contami-
nation during subsequent imaging at high magnification. To
prepare the TEM samples, the carbon material has been dispersed
in methanol, sonicated for 10 min, drop cast on a lacey carbon
TEM grid and dried at room temperature. Elemental combustion
analysis was performed with a vario MICRO cube CHNOS
elemental analyzer (Elementar Analysensysteme GmbH). The
elements were detected with a thermal conductivity detector
(TCD) for C, H, N and O and an infrared (IR) detector for sulphur.
Inductively coupled plasma mass spectrometry (ICP-MS) was
performed with a PerkinElmer ICP-OES Optima 8000. The sample
preparation: 10 mg powder of the sample was added into the ICP
tube, followed by 167 pL conc. HNO; and 333 pL conc. HCI. X-ray
diffraction was performed on a Bruker D8 Advance diffractometer
in the Bragg-Brentano mode at the Cu Ko wavelength. XPS
measurements were performed on a ThermoScientific Escalab
250 Xi. A micro-focused, monochromated AlKa X-ray source
(1486.68 eV) and a 400 um spot size were used in the analysis.
Samples were prepared using carbon tape. Calibration was per-
formed according to the sp® peak in each sample. CasaXPS soft-
ware was used to analyze the resulting spectra. Electrochemical
tests were performed using a rotating ring disk electrode (RRDE)
purchased from PINE and Interface 1000 and Interface 1010
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(Gamry) potentiostats. The three-electrode cell setup consisted of
an Ag/AgCl electrode as a reference, a Pt wire as a counter elec-
trode and 5 mm glassy carbon (disk)/platinum (ring) RRDE tips
modified with the materials as working electrodes. It is important
to consider that by using Pt rings the number of transferred
electrons might be overestimated.*® To prepare the RRDE tips for
measurements, 10 pL of catalyst ink was deposited on the glassy
carbon tip and dried at room temperature overnight. The ink is
prepared by mixing 50 pL of Nafion 117 solution (5 wt%,
purchased by Aldrich), 500 pL of distilled water, 250 pL of iso-
propanol, and 5 mg powder of laser-carbonized samples as cata-
lysts. Linear sweep voltammetry (LSV) was performed in O,
saturated 0.1 M KOH solution, or pH 7, 500 mM phosphate buffer,
with a scan rate of 10 mV s at 1000 rpm rotation speed. The ring
was set at a potential of 1.2 V vs. RHE to ensure fast oxidation of
H,0,. The collection efficiency of the ring was calibrated before
the measurements following the indication of the RRDE setup
provider. The electron transfer number, n, and hydrogen peroxide
yield, % H,0,, are calculated using eqn (1) and (2).w

IdXN
=4 X — 1
A XN L ()
2 x 1,
Ol)Hzoz =100 x MXT«;»I (2)
r

here I, stands for ring current, I for disk current and N for the
collection efficiency of the electrodes. The collection efficiency
was empirically measured using a ferrocyanide/ferricyanide
half-reaction as a single-electron, reversible half-reaction. The
rotating ring disc electrodes were placed in 10 mM of potassium
ferricyanide (K;Fe(CN)s) 0.1 M KOH solution and were operated
at rotation rates between 500 and 2000 rpm. The potential of the
disk electrode was swept from cathodic potentials at 50 mV s
towards more negative potentials (potential range 0.3 Vto —0.75
V vs. Ag/AgCl). The potential of the ring electrode was biased at
0.5 Vvs. Ag/AgCl. The current obtained from the ring when the
disk was disconnected was subtracted from I.. The measured
ratio of the ring (anodic) limiting current to the disk (cathodic)
limiting current is the empirical collection efficiency. We
checked that this number was independent of the rotation rate.
We obtained a collection efficiency of 0.21 + 0.01 for the bare
GC, and a collection efficiency of 0.26 £ 0.03 for all electrodes
except for electrode LP-C(Fe)_1(3.0) for which the collection
efficiency was 0.45 + 0.05.
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