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Multi-doped carbons are promising thermocatalysts, electrocatalysts, and catalyst supports. Recently,
Si-co-doped carbons have emerged as catalyst supports for a range of reductive coupling reactions.
However, little is known about their catalytic activity in the oxygen cycle. We now report a detailed
electrochemical and material investigation into a range of Si-doped carbons, aimed at correlating their
activity towards the reduction of O, and H,O, with their composition and structure. We examine a broad
range of pyrolysis temperatures (600-1000 °C), combined with several oxygen-active metals (Ag, Mn, Co),
co-doped into the Si-, N-doped support either alone or in combinations at different ratios. Using a
combination of X-ray diffraction, XPS and Raman spectroscopies, electron microscopy and elemental
analysis, we identify the factors contributing to O, activation (as expressed in electrochemical O,
reduction in alkaline) and reactivity towards H,O, production and further reduction. As a result, the precise
combination of metal dopants, ratios, and pyrolysis temperatures is identified as optimal for 2e™/4e™
selectivity in O, reduction and total H,O, yield. We hope that these findings will enable better rational
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Introduction

Carbon is an important material for both heterogeneous
catalysis' and electrocatalysis.* Carbon offers mechanical
support for active sites, high surface area, mass transfer of
reactants and products in the porous network, electrical con-
ductivity between the electrocatalytic sites and the external
surface, and rich surface chemistry to bind and activate
reactants.”® In particular, the binding and reactivity of O, is
of interest both to the electrocatalysis community centred on
0, reduction (as in fuel cells,””® metal-air batteries,'""! or H,O,
synthesis electrolyzers'?), and for the heterogeneous catalysis
community interested in heterogeneous oxidation reactions.®®

On its own, carbon is neither a great thermal catalyst"® nor
electrocatalyst.14 Once dopants are added, however, its electronic
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design of Si-codoped catalysts supports for many thermocatalytic and electrocatalytic reactions.

structure and surface chemistry change drastically.'> The most
popular nonmetal dopants are N, P, S B, and the halogens.'®"”
Lately, atomically dispersed N-coordinated metal ions (e.g. M-N,,
where M = Fe, Co, Cu, Ni) became useful for electrocatalysis'® >
and heterogeneous catalysis®*** of many important reactions.
Recently, the Kempe group discovered a family of carbons
co-doped with silicon and nitrogen (NSiCs) which serve as
excellent supports for heterogeneous catalysts.>*>* Silicon is
an uncommon dopant in carbon-based catalysts,* since it
reacts during pyrolysis to form inactive and insulating phases
like SiC, SiO,, or SiN.?° Nevertheless, the presence of Si atoms
could changes the local electronic structure in the carbon
network,?” promote sp® hybridization, influence the adsorption
of reactants,”® and possibly provide anchoring points for cata-
Iytic metal particles. Si-doping in the carbon lattice can induce
structural deformations and change the local surface curvature,
enhancing the splitting of N-H and O-H bonds.*® Co-doping
with Si and N facilitates activation of O, and desorption of
H,O during the oxygen reduction reaction (ORR) in acid.>® In
alkaline conditions, excellent ORR activity was reported on Si-,
N-doped carbon nanotubes (E: = 0.86 V vs. RHE, 0.1 M KOH),
as well as increased stability and methanol tolerance.*® A
high electron transfer number of 3.83 e~ per mole of O, was
reported on Si-rich carbons (with or without N).** However, the
combination of these dopants with other metals has not been
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investigated, which is the case for supported catalysts. Thus, we
need a better understanding of the role and interactions of Si
and N dopants with carbon and with metal particles, in
particular for the activation of oxygen and peroxide, key reac-
tants and intermediates in oxidation reactions.*>*3?

We now report an electrochemical investigation into the oxygen
activation ability of carbons co-doped with Si-, N-, and M = Mn, Co,
Ag. By studying their activity towards multi-step ORR (eqn (1)-(3)),
we can identify the synthetic, compositional and structural para-
meters most important for activation of O, and H,0,. We further
investigate how the reactivity changes when the NSiC support is
loaded with a broad range of oxygen-activating metallic particles,
including combinations of Mn, Co, and Ag. We hope that the
improved understanding of the different interactions will allow
better design of both electrocatalysts, and catalyst supports for
heterogeneous oxidation reactions.

0, + H,0 + 2¢” = HO,  + OH™ E: = -0.065 V vs. SHE

(1)
HO,” +H,0 +2¢” == 30H E;=0.867 Vvs. SHE  (2)

HO,” = 10, +OH"™ (3)

Experimental procedures
Synthesis of the NSiC-T materials

The NSiC materials were synthesized according to a known
procedure.”* 0.200 g StarPCS™ SMP-10, 0.988 mL (0.800 g,
15.08 mmol) acrylonitrile (AN) and 0.075 g (0.46 mmol) azobi-
sisobutyronitrile (AIBN) were dissolved in 4 mL dimethylforma-
mide (DMF) and heated up to 75 °C for 20 h under air. After
solvent removal, the resulting yellowish solid was pyrolyzed
under N, atmosphere. The heating program is illustrated in
Scheme S1 (ESIY). Briefly, starting from room temperature (RT),
the sample was heated to 200 °C (5 K min~'), then to 400 °C
(1 K min~"), and finally to the desired pyrolysis temperature, T,
(Table S1, 5 K min~ ", ESIt) and held there for 1 h, after this
time, the sample cooled down to RT (5 K min%).

The sample was ball-milled for 40 min and 500 mg support
material was washed under stirring in an aqueous solution of
1 M NaOH (6.7 mL) and MeOH (5 mL) at 90 °C for 20 h under
air. The material was washed with double deionized water (DDI,
>18.2 MQ) until pH 7 was reached. The material was weighed
before and after the procedure to determine the ceramic
amount (see Table S1, ESIf). The NSiC-T materials were
obtained in a yield of 55-69%.

Synthesis of the Co-, Mn- and Ag-loaded materials

To an aqueous solution (20 mL H,0) of the metal salt (see Table S2
in the ESIT for details), 500 mg NSiC-T material was added, and
the suspension was evaporated under stirring at 105 °C. After
evaporation, the sample was pyrolyzed under nitrogen atmo-
sphere at 700 °C followed by reduction at 550 °C (N,/H,, 90/10,
v/v), following the heating program as described below (see also
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Scheme S2, ESIt). In short, starting from RT, the sample was
heated to 300 °C (2 K min~") under nitrogen, then to 700 °C
(10 K min~") and kept there for 30 min. The sample was cooled
to 100 °C at (20 K min~") under nitrogen. Reduction was
performed by heating the sample to 550 °C (5 K min~") under
N,/H, (90/10, v/v), and kept there for 3 h. Finally, the sample
was cooled down to 40 °C (20 K min~") under nitrogen N,/H,.

Synthesis of the bimetal loaded materials

To an aqueous solution (20 mL H,0) of the two metal salts
(see Table S3, ESIt), 500 mg NSiC,o9o material was added and
the suspension was evaporated under stirring at 105 °C. After
evaporation, the sample was pyrolyzed under nitrogen atmo-
sphere at 700 °C, followed by reduction at 550 °C (N,/H,, 90/10)
with the same heating program as for the single metal materi-
als (Scheme S2, ESIf).

HCI treatment of the catalysts

200 mg of the respective catalyst was suspended in 100 mL of
hydrochloric acid (32%). The suspension was heated (80 °C) for
30 min and then stirred for 20 h at RT. The material was
washed with DDI water until pH 7 was reached in the filtrate.

Electrochemical characterization

Electrochemical measurements for the oxygen reduction reac-
tion (ORR) were recorded on a bipotentiostat (BioLogic 600)
combined with a Pine rotating electrode setup, using a three-
electrode glass cell, filled with KOH (0.1 M, 100 mL), and
stabilized at 25.0 & 0.1 °C. A saturated calomel electrode
(SCE) was used as a reference electrode, and a graphite rod
was used as a counter electrode. Potentials were reported vs.
reversible hydrogen electrode (RHE) by adding 1.011 V.

Inks of the catalytic powders were prepared according to the
following recipe: 0.80 mL of DDI water, 0.2 mL isopropanol,
20 uL of Nafion (5 wt% in water/isopropanol, Alfa Aeser), and
1.0 mg of NSiC-T powder, were mixed and sonicated for 30 min.
10 pL of the ink was drop-casted onto a polished glassy carbon
rotating-disk electrode (¢ = 5 mm, A = 0.196 cm?®) and dried at
50 °C in air. Another 10 pL drop of ink was applied to the
electrode and dried at 50 °C under air. Thus, the total catalyst
loading was 20 pg of catalyst material, giving a surface loading
of 102 pg ecm >,

Experiments were conducted in 0.1 M KOH at 25.0 °C,
saturated by O, (for ORR studies) or N, (for baseline measure-
ments) by bubbling the gas for 30 min, and then keeping the
cell under a gas blanket. Currents in N,-purged solutions were
subtracted from those in the O,-purged solutions, to account
for capacitive currents. Linear scan RRDE voltammograms,
performed on a rotating disk at rotation speeds of 400-
2000 rpm and scan rate at 10 mV s~ '. The number of electrons
transferred per O, molecule (1) was calculated by the Koutecky-
Levich method from linear sweep voltammograms as described
elsewhere.’® The yield of H,0, (%) was calculated by eqn (S1)
(ESIf), where I, is the ring current, and Iy is the disk current.
The collection efficiency was determined experimentally to be

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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N =0.35, using 4 mM of the Ru(m)/Ru(u) hexamine couple in N,-
purged 0.1 M KCL

Material characterization

Powder X-ray diffraction (XRD) was performed in a Rigaku
SmartLab X-ray diffractometer with Cu-Ko radiation (4 =
1.5418 A), scan rate of 1° min~'. High-resolution scanning
electron microscopy (HRSEM) was performed in secondary-
electron mode on a Zeiss Ultra+ microscope, at a 4 kV accel-
eration voltage. Elemental analysis was carried out at Microlab
Kolbe in Oberhausen, Germany.

X-ray photoelectron spectroscopy (XPS) was collected on a
PHI VersaProbe III scanning microprobe supplied from Physi-
cal Instruments at UHV (10~ '° Torr), step size 0.05 eV. Peaks
were calibrated using the C 1s position (284.5 eV), and decon-
voluted in CasaXPS. Raman spectroscopy was performed on a
Horiba LabRam HR Evolution Raman microscope using x10
lens, 532 nm laser excitation wavelength, and 1800 grating.

N, adsorption-desorption isotherms (at 77 K) were measured
on a Quantachrome Autosorb iQ instrument, using vacuum-
dried samples (200 °C for 10 h). The isotherms were analyzed
using the Brunauer-Emmett-Teller (BET) model for specific
surface area (SSA, at P/P, values of 0.01-0.15) and quenched
solid state density functional theory (QSDFT) isotherm fitting for
meso-micropore size distribution. In the latter, the model used
was N,/carbon at 77 K, with slit-shaped pores, in equilibrium.

Results and discussion
Carbons doped by Si and N

To synthesize the NSiC, we adopted an existing procedure,*
detailed in the ESI.{ In short, a commercial silicon carbide
matrix precursor (StarPCS™ SMP-10) and acrylonitrile were
polymerized together under anaerobic conditions (75 °C for 20
h) and then pyrolyzed (T = 600, 700, 800, 900 and 1000 °C) to give
the carbons NSiC-T, where T denotes the pyrolysis temperature.
Since the silicon atoms are pre-dispersed in the polymer, we
expect minimal segregation to SiO, during following thermal
treatments. X-ray diffraction (XRD) of the materials shows four
broad peaks at 9°, 16° and 27.5°, suggesting a partially graphitic
carbon and no SiO, peaks (Fig. S1, ESI{).*

The electrochemical ORR on the Si-, N-co-doped carbons
was studied by cyclic voltammetry (CV) on a rotating ring disk
electrode (RRDE) in a three-electrode cell configuration, in
0.1 M KOH at 25 °C. In the absence of oxygen, the voltammo-
grams of all NSiC-T materials show only non-faradaic currents
for capacitive double layer charging, and some pseudocapaci-
tive currents attributed to the N and O groups,** in the form of
very broad peaks. In O,-saturated solutions, all NSiC materials
show ORR activity (I4isc, Fig. 1b) with concomitant production
of H,0, peroxide intermediates. This agrees with the RRDE
measurements, suggesting that the 2/4 e~ selectivity on these
NSiC materials is governed by their ability to reduce the
peroxide intermediate.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

View Article Online

Paper
a o012 —
60
0.09 4
. 40
<
E .06 204
g2
= 0 .
06 -05 -04 -03 -02 -01
0.03 4 E (V vs SCE)
0.00
-0.2 4
<
E o4
_.'.g
-0.6 4 —800°C 04 —me
700:C -06 -05-04-03-02-0100 0.1
——600°C E (V vs SCE)
-0.8 T T T T T
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
E (Vvs SCE)
(9
: O Ring current
N-SiC-1000 50 .
o @ Disk current o
N-SiC-900 Qs (] -
@ H,0,yield (%)
N-SiC-800 (e 17 ® .
N-SiC-700 Q@ (e ) i
N-SiC-600 @ 35 Oe .
06 05 04 03 02 -0 0.0
Onset potential (V)
Fig. 1 (a) Linear scan RRDE voltammograms of NSiC-T, top: ring current,

corrected by the collection factor of 0.35, (b): disk current. (a, inset) H,O»
yield versus potential. (b, inset) cyclic voltammogram of NSiC-T materials.
(c) Onset potentials of ljng and Igis, and peroxide yield at constant
potential (—0.5 V), for the different NSiC-T materials. T denotes pyrolysis
temperature (°C). Measurements performed in O,-saturated 0.1 M KOH at
25 °C, scan rate 10 mV s~%, rotation speed 1600 rpm. Data is corrected for
capacitive currents measured in a N»-purged solution.

The onset for ORR on NSiC-600 and NSiC-700 shifts to more
negative potentials compared to NSiC-800, -900, or -1000.
Generally, the ORR on N-doped carbons proceeds via either a
4e” or 2e” pathway, generating H,O (eqn (1) + (2), 4e” total) or
H,0, (eqn (1), 2e7) as the final product (most typical to
undoped carbons). However, nitrogen dopants (in particularly
those in pyridinic positions in the lattice) can promote the
disproportionation of peroxide (eqn (3)),* promoting effectively
the 4e~ pathway even in the absence of catalytic sites capable of
performing the second 2e~ reduction (eqn (2)).>>*° Thus, the
positive shift in onset potential on heating from 700 °C to
800 °C may be associated with the formation of beneficial
nitrogen moieties. Since both disk and ring currents increase
between NSiC-700 and NSiC-800, the H,0, production also
rises (Fig. 1a inset and Fig. 1c); however, heating the material
to higher temperatures decreases the H,0, yield again. The
rising current densities also suggest a gradual change in the
carbon structure, for example the clearing of pores from

New J. Chem., 2025, 49, 4813-4824 | 4815
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pyrolysis products in the 700-800 °C range,’” the partial col-
lapse of micropores,®® and the removal of some surface moi-
eties (OH, —O, N-OH) contributing to wettability and
adsorption. Higher temperatures also promote graphitization,
which improves electronic conductivity (see Raman discussion
below). Overall, there is a clear trend of more positive onset
potential with pyrolysis temperature (Fig. 1c), with a maximum
of peroxide yield in NSiC-800 (64% at —0.4 V vs. SCE). Before this
maximum, insufficient peroxide is produced, while above this
maximum, the peroxide is better activated (that is, decomposed
and/or reduced).

To correlate the ORR activity to material morphology,
we characterized the catalysts with high resolution scanning
electron microscopy (HRSEM). This revealed all NSiC-T materials
exhibit uniform porous structures with micro- and meso-porosity.
The porosity is homogeneous across the pyrolysis temperature
range (Fig. 2a-c). Raman spectroscopy shows typical carbon
peaks, with D and G bands correlated to disordered and graphitic
domains, respectively (Fig. S3, ESIt). Mathematical deconvolution
of the bands showed that their intensity ratio (Ip/Ig) decreases
with increasing pyrolysis temperature. This suggests that the
aromaticity (sp®) increases and the carbon defects are annealed
with increasing pyrolysis temperature, leading to higher conduc-
tivity. Nitrogen adsorption isotherms were recorded at 77 K for all
NSiC-T materials (Fig. 2d). The calculated Brunauer-Emmett-
Teller (BET) specific surface areas (SSA) and pore distributions
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Fig. 2 Scanning electron micrographs of (a) the precursor material before
pyrolysis and the carbon after pyrolysis at (b) 600 °C and (c) 1000 °C. (d)
Adsorption—desorption isotherms on the NSiC-T carbons (N;, 77 K). Inset:
Pore size distributions calculated from the isotherms by NLDFT.
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Table 1 Summary of the physical properties of NSiC-T materials
. Surface area [m”> g '] .

Pyrolysis Nitrogen

temperature In In content
Carbon [°C] Total micro-pores meso- pores [wt%]
NSiC-600 600 393 348 45 16.88
NSiC-700 700 422 388 34 14.61
NSiC-800 800 443 426 17 12.86
NSiC-900 900 463 425 38 10.75
NSiC-1000 1000 526 471 55 7.39

are summarized in Table 1. The nitrogen adsorption/desorption
isotherms of NSiC-T are similar in shape. The type-I isotherm in
the P/P, range 0.0-0.5 implies the existence of many micropores
within the structure.®® The NLDFT pore size distribution shows
the majority of pores are micropores of the size 1.2-3.0 nm
(Fig. 2d, inset).

Analysis of the pore distributions of the samples shows
NSiC-T mainly contains micropores, with at most 4-11% meso-
pores by surface area (Table 1). Also, the total surface area of the
NSiC-T materials increases with pyrolysis temperature, likely due
to clearing of the micropores from amorphous “goo” formed
during pyrolysis. It also confirms that the micropores are not
collapsing yet, in contrast to other microporous carbons, where
micropore collapse started already at 1000 °C.*® This suggests
that micropores are stabilized somehow by the Si-/N-co-doping.
Since the surface area of NSiC-1000 is the largest, we decided to
use this carbon for our metal dopant study.

Elemental analysis by inductively coupled plasma mass
spectrometry (ICP-MS) revealed a high nitrogen content (7-
17 wt%) which decreases with increasing pyrolysis temperature
(Table 1). Even at 1000 °C there is still 7 wt% N, which is
enough for good conductivity and electrocatalysis.’® X-ray
photoelectron spectroscopy (XPS) of the pristine NSiC-1000
material shows a surface coverage of N of about 3 at%. The N
1s region can be deconvoluted in five contributions: pyridinic
N, pyridonic N, pyrolytic N, graphitic N and N-oxides (Fig. 3b).

The XPS spectra can also yield insights on possible interac-
tions between the N and Si dopants. The Si 2p peak has five
contributions (Fig. 3a): Si-C (100.8 eV), and Si-N (101.7 eV),
Si**-0 (103.2 eV), and Si**-O (103.5-104.8 €V).*" The presence
of SiN and SiC signals suggests that the Si is incorporated
within the N-doped carbon structure, atomically and/or in
carbide/nitride domains. The signal at 101.7 eV is attributed
to the Si-N interaction, which is of relatively high intensity,
suggesting the Si is in close contact with N. In the N 1s region,
the N-Si peak is convoluted with pyridinic N (Fig. 3b), making
cross-correlation difficult. Similarly, the Si-C signal in the C 1s
region is overlapping with the 284.8 eV carbon signal.**

Carbons doped by Si, N, and Mn/Co/Ag

Co-doping the carbons with metals can improve their catalytic
activity. We now consider three metals (Mn, Co and Ag), which
are known to affect the ORR activity and 2e”/4e™ selectivity, to
co-dope the NSiC-T material. Manganese and nitrogen co-
doping can yield Mn-N, sites that are highly active for the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 3 X-ray photoelectron spectroscopy (XPS) of (a)—(c) NSiC-1000 in the (a) Si 2p, (b) N 1s and (c) O 1s regions; and of the (d)-(g) Mn-doped, (h)-(k)

Co-doped, and (1)-(o) Ag-doped NSiC materials.

ORR.*™*® Care must be taken, as these manganese sites often
exhibit Fenton-like activity,"”*® reacting with H,0, in acid to
produce OH radicals; although this will divert the ORR, such
radicals may find use for oxidation reactions.*” When com-
bined with other metals, Mn can form bi-metallic clusters such
as (N3Co)-(MnN;) within the carbon framework.’*" Cobalt is
also known in ORR electrocatalysis, either as metallic Co or as
cobalt oxides.*> Co-doping of cobalt with N is very common,
which can result in a variety of active phases (like Co,N) or
single-atom sites (Co-N,) which catalyze the ORR.’>>* The
adjacent N-functionality determines the fate of the cobalt:
pyrrole-type Co-N, groups increase H,O, yield (2~ ORR)
whereas pyridine-type Co-N, mainly catalyses the 4¢~ ORR.>*
Silver is an important element for ORR electrocatalysis,>>>°
being an affordable noble metal, hypothesized to boost the 4e™
ORR pathway.”” In combining Si and Ag, one must beware that

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

silicates are a known poison for Ag-catalysed ORR.’® Thus, by
first dispersing the Si throughout the NSiC carbon, we hope to
limit metal silicate formation during any following thermal
treatments. Silver doping of Mn;0, shifts the d-band center of
Mn and applies a strain which increases O-O bond split
kinetics.”® Moreover, Ag-Mn-O bonds that form in such sil-
ver-manganese oxides promote O, adsorption,®*®" activation®
and mobility.*?

The metal doping was performed by incipient wetness
impregnation of the metal nitrate solutions, followed by thermal
treatment at 700 °C and reduction (H,/N,) at 550 °C. This
method is known to form well-dispersed nanoparticles, which
can interact with both the N and Si dopants.®* ICP-MS measure-
ments showed metal loadings of 4.0 wt% on all M/NSiC materi-
als. The metal-loaded materials were analyzed by HRSEM,
revealing nanoparticles in all three samples. Elemental mapping

New J. Chem., 2025, 49, 4813-4824 | 4817
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Fig. 4 X-ray diffractogram of metal-loaded Mn/NSiC-1000, Co/NSiC-
1000, and Ag/NSiC-1000 before and after HCl washing. Peaks for the Ag
phases were assigned using JCPDS cards #04-0783 (Ag), #01-074-1743
(AgO) and #041-1104 (Ag,O). Peaks for the Co phases were assigned using
JCPDS cards #05-727 (Co), #078-0431 (CoO) and #042-1467 (Coz04).

by HRSEM-EDS confirmed that the metal is well-dispersed in the
material (Fig. S4, ESIT). In the nanometer range however, some
patches of surface were discovered which lacked nanoparticle
coverage. The average recorded particle sizes were 15 nm =+
0.1 nm, 12.1 £ 0.1 nm and 50 nm + 0.1 nm for Mn, Co and Ag,
respectively. X-ray diffraction (XRD) of the Co and Ag materials
showed sharp peaks indicating crystalline phases, attributed to
the nanoparticles on the surface (Fig. 4). No crystalline manga-
nese phases were detected. For comparison, the unimpregnated
NSiC-T materials show only four broad signals, at 9°, 16° and
27.5° independent of the pyrolysis temperature. The assignment
of the peaks in XRD is difficult for the Co/NSiC sample, in part
due to their low intensity. Possibly at the high pyrolysis tem-
peratures, some complex mixed phases were developed, ranging
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from oxides to nitrides. Compared to the other sample, we see
similar low angle peaks (15.7°, 18.2°) suggesting an ordering of
about 0.5-0.56 nm. Powder XRD of the Ag/NSiC samples showed
many sharp signals, attributed to metallic Ag, AgO and/or Ag,0.
The Co/NSiC signals are broader compared to Ag/NSiC, suggesting
smaller particle size, or low crystallinity in the sample. We were
unable to assign some peaks below 30°, probably arising from
complex oxides in the multi-doped materials.

Electrochemical investigations into the ORR activity of the
Mn-, Co- and Ag-impregnated samples, showed that I4;g. rises
when the metals (Mn, Co or Ag) were added to the NSiC
support. This confirms that each of these 3 metals is beneficial
for ORR electrocatalysis, each for its own reason. The Co/NSiC-
1000 catalyst has an earlier (most positive) onset potential than
either Ag/NSiC-1000 or Mn/NSiC-1000 (Fig. 5a). The fact that
the onset of the ring currents on all M/NSiC-1000 materials is
40-80 mV more negative than the onset of the disk current
indicates initial selectivity towards the 4e” mechanism, making
H,0, only a side product at potentials <0.2 V. This is further
confirmed by the H,0, yield plot (Fig. 5c), showing that net
H,0, yield of all three impregnated samples is lower than the
metal-free carbon throughout the potential range. Once poten-
tials reach below -0.5 V, the Mn/NSiC-1000 catalyst has per-
oxide yields above those of NSiC-1000. Ag/NSiC-1000 has the
same onset potential for the peroxide production as the Mn/
NSiC-1000 but overall produces less H,0, yield than both the
starting material NSiC-1000 and Mn/NSiC-1000. Overall, all
metals lower the peroxide yields in this potential range, while
the Mn dopant increases it at large overpotentials. Specifically,
the combination of MnO and Mn-N,, structures was reported to
effectively suppress the H,O, reduction reaction, leading to
increased peroxide yields.®® The mechanism behind this phe-
nomenon at higher overpotentials is hypothesized to be linked
to the amorphous nature of the Mn-doped structure, which
provides a diverse array of active sites, becoming progressively
accessible as the overpotential increases.
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Fig. 5 Linear scan RRDE voltammograms of Mn/, Co/, and Ag/NSiC-1000, top: ring current, corrected by the collection factor of 0.35, bottom: disk
current; (a) before and (b) after HCl wash. H,O, yield versus potential for Mn/, Co/, and Ag/NSICSC-1000 (c) before and (d) after HCl wash. Cyclic
voltammogram of Mn/, Co/, and Ag/NSiC-1000 materials (e) before and (f) after HCl wash. Measurements performed in O,-saturated 0.1 M KOH at 25 °C,

scan rate 10 mV s}
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The XPS analysis of the M/NSiC catalysts is shown in Fig. 3.
One area of interest is the N 1s region (398.5-400 eV) where M-
N interactions are located (Fig. 3b, f, j and n). For Mn, we don’t
expect a change in the N 1s spectrum.” However, the increase in
signal for Co and Ag samples within this region may be because
of convoluted M-N interactions (Fig. 3j and n). The Mn 2p
region of the Mn/NSiC sample shows contribution from Mn**
(640.8 eV), Mn*" (642.3 eV) and Mn"" (643.7 €V), but no Mn(0)
(Fig. 3d). Although a quantitative assignment of Mn®" is some-
what challenging, both Mn** and Mn** can be clearly assigned.
After Mn-doping a new peak appears at 529.8 eV in the O 1s
spectrum, corresponding to O-Mn bonds (Fig. 3g). This sug-
gests that the Mn is present as a mixed oxide. In the Si 2p
region, contributions from Si-C and Si-N arise from the sup-
port, while an increase in the Si-O components suggests
further oxidation of the Si (Fig. 3e). This is further confirmed
by the O 1s spectrum which shows a O-Si contribution (Fig. 3g).
From Co 2p XPS we learn that the Co/NSiC sample consists of a
mix of Co®* and Co*' likely as an oxide or oxyhydroxide
species.®® This is confirmed by the O 1s peak at 529.7 eV,
characteristic of M-O interactions.®” The Si 2p spectrum of Co/
NSiC is convoluted by a broad underlying peak of Co 3s (Fig. 3i).
The area was calculated based on the survey spectrum Co
signals, with the position and full width half maximum (FWHM)
fitted within literature values.®® In Si 2p XPS we observe an
increased contribution at 104.1 eV likely due to the formation of
Si0,,% which is matched with an increase of the Si-O contribu-
tion at 533.0 eV in the O 1s spectrum (¢f. Fig. 3i and k). The Ag 3d
XPS of Ag/NSiC sample shows a Ag” peak at 368.1 eV with a Ag
3ds/,-3d;), splitting of 6.00 eV.”° The AgNO; signal lies at a
similar position, but due to the harsh temperature treatment
during synthesis, we assume any AgNO; has fully converted into
Ag®, also no nitrate signal (>405 eV) was observed in the N 1s
spectrum (Fig. 31). The O 1s spectrum shows an increase of the
O—C contribution, which can be attributed to O-Ag (Fig. 30).”*
There is little change in the N 1s spectrum before and after Ag
impregnation, so a M-N interaction cannot be excluded,
although it is less likely.

To investigate how much of the observed activity is attrib-
uted to the metal dopant, we washed all catalysts with 1 M HCI
and repeated the RRDE experiments. The HCl wash success-
fully removed all metallic and metal-oxide nanoparticles from
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the surface, as confirmed by XRD for both Ag/NSiC-1000 and
Co/NSiC-1000 (Fig. 5b, d and f). Furthermore, HCI washing is
non-oxidative and thus does not remove M-N sites,”> enhancing
the relative importance of M-N, sites in catalysis. For Mn/NSiC-
1000, the XRD analysis showed no change before and after
washing, as it was amorphous to begin with; in any case, any
Mn,O, that might have been on the surface, must have been
removed.”*”* Elemental analysis by ICP-MS confirms that the
metal content drops from 4 wt% before the wash, to 0.10 wt%
Mn, 0.58 wt% Ag, and 0.09 wt% Co after the wash. The remain-
ing Ag must be amorphous phases encapsulated within the
carbon, or bound to nitrogen moieties.”>””

Cyclic voltammetry of the HCl-washed materials revealed a
steep decline in cathodic currents for all metal-impregnated
samples (¢f. Fig. 5e and f), confirming the role of the metallic
nanoparticles in the ORR activity. Similarly, the RRDE measure-
ments show lower Iy on all HCl-washed materials (Fig. 5b).
Interestingly, the onset potential for the lower currents remains
the same before and after the HCl wash, suggesting that
some metal remained on the surface (Fig. 6). The H,0, yields
increased after the metals were mostly removed by the HCl
washing, approaching the values of the washed metal-free
NSiC-1000 material. Interestingly, the HCI washing enhances
the ORR activity of the NSiC-1000 catalyst, leading to higher
H,0, yields (Fig. 5b, d and Fig. 6). The acid washing could have
removed oxygen and silicate moieties from the surface, clearing
the surface area and enhancing mass transport through the
porous network.

If one is interested in higher 2e™ selectivity (better H,O,
yields), a possible strategy could be based on Mn doping.
Thus, we sought to study the effect of pyrolysis temperature on
the activity of Mn/NSiC materials towards O, and H,O, activa-
tion. We pyrolyzed the materials at 5 different temperatures,
from 600 °C to 1000 °C, resulting in Mn/NSiC-T samples. The
ORR disk currents on these materials were similar for the 700~
1000 °C temperature range, while the onset potentials become
gradually more positive with rising pyrolysis temperature
(Fig. 7a). This suggests the catalytic activity is independent of
the N content, which decreases with temperature; this, in turn,
confirms that Mn-N coordination is not necessary for the ORR
activity in these materials. However, this result may also be
explained by an increasingly uneven distribution of particles.

N-SiC a Q@ 50 () ] b o 58 @ H,0, yield (%) @ ]
@ Disk current

Ag/N-SiC 0 43 o PY i Q 48 O Ring current O ° ]

Co/N-SiC o 31 O o . Q@ 49 Qe .

Mn/N-SiC Q 52 (o) o . Q@ 53 QO o .

0.5 0.4 0.3 0.2 0.1 -0.5 0.4 0.3 0.2 0.1 0.0

Onset potential (V)

Onset potential (V)

Fig. 6 Onset potentials of /;jng and l4isk, and peroxide yield at constant potential (~0.5 V), for the Ag/, Co/, and Mn/NSiC-1000 materials (a) before HCl

wash and (b) after HCl wash.
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Fig. 7 (a) Linear scan RRDE voltammograms of Mn/NSiC-T materials, top:

ring current, corrected by the collection factor of 0.35, bottom: disk
current; and (b) H,O, yield versus potential for Mn/NSiC-T. (c) Cyclic
voltammogram of Mn/NSiC-T (no rotation). (d) Onset potentials of /;ing and
laisk. @and peroxide yield at constant potential (—0.5 V), for the different Mn/
NSiC-T materials. Measurements performed in O,-saturated 0.1 M KOH at
25 °C, scan rate 10 mV s~2, rotation speed 1600 rpm. Data is corrected for
capacitive currents measured in a N,-purged solution.

The ever-increasing gap between the onsets for O, activation and
H,0, production, plotted in Fig. 7d, suggests that the two
phenomena are largely decoupled on these materials: increasing
the pyrolysis temperature improves the first, without significant
changes to the second.

Next, we wanted to understand the interactions between
multiple metal co-dopants (Mn, Co, and Ag), in the presence
of the Si- and N-co-dopants. We chose the pyrolysis temperature
of 1000 °C, where the difference between the potentials for
O, activation and H,0, production is the largest (Fig. 7d).
The three metals were combined in different ratios, starting
with Mn/Co and Mn/Ag in a 1:1 ratio. Then, focusing on the
most promising pair (Mn/Ag), we varied the Ag:Mn in ratios of
1:3,1:1and 3:1.

Elemental analysis (by ICP-MS) confirms the 1:1 metal ratio
in Mn-Co/NSiC-1000 and in Mn-Ag/NSiC-1000 (Table S4, ESIT).
Electron microscopy (HAADF-STEM) shows that in both Mn-
Co/NSiC-1000 (Fig. S8, ESIf) and Mn-Ag/NSiC-1000 (Fig. S9,
ESIY), the C, Mn, Ag, and Co elements are uniformly distributed
throughout the material. In both, silicon and oxygen are mostly
found on particle edges. This could result from topographical
effects or from the formation of silica and metal oxide at the
edges of the particles, as observed above on Mn/NSiC-1000.
Powder XRD of the two catalysts showed an abundance of
crystalline fractions for the Mn-Ag catalysts, which can be

4820 | New J. Chem., 2025, 49, 4813-4824

View Article Online

NJC
B ® Az Mn-Ag/NSiG-1000
O AgO B .
1 Ag0 X / SR,
' o ' ii Y
000 00O 00 OOO o
:ﬁ L4 L] 3
s
£l
E A Mn,,Ag./N-SIC Mn-Co/NSTE-1000
‘y“\/," " A {
\ g Mn,Co/N-SiC /\
‘\/\\ - - = | \
/ A Mn,0/N-SIC \
0 1 20 30 40 50 60 70
20(°)

Fig. 8 (a) X-ray diffractogram of 1: 1 combinations of Mn and Ag (Mn-Ag/
NSiC-1000) and Mn and Co (Mn-Co/NSiC-1000). (b, ¢) STEM-HAADF
image of the two materials.

attributed mainly to metallic Ag, AgO and Ag,O (Fig. 8a).”®
The XRD diffractogram of Mn-Ag/NSiC-1000 is identical to that
of Ag/NSIC, suggesting that no new crystalline alloys or mixed
oxides form when Mn is added to the material. The Mn-Co/
NSiC-1000 sample shows similar behaviour: after the thermal
reduction, the XRD is identical to that of Co/NSiC-1000, with
minimal crystallinity that is hard to assign (Fig. 8a).

XPS of the Mn/NSiC-1000, Mn—-Co/NSiC-1000 and Co/NSiC-
1000 shows specific contributions at 529.2 eV in the O 1s XPS,
likely corresponding to an metal-O interaction (Fig. S7d, i and
m, ESIt). Also, the Co may have an interaction with the SiO,
signal at 105.1 eV (Fig. S7b, g and k, ESIY). The N 1s spectra of
Mn/NSiC-1000, Mn-Co/NSiC-1000 and Co/NSiC-1000 do not
show any changes compared with the unimpregnated NSiC-
1000 sample. The Co 2p signal of Co-Mn/NSiC-1000 sample
shifted by about 0.4 eV compared to the Co/NSiC-1000 sample,
possibly resulting from a Mn-Co interaction.
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Fig. 9 (a) Linear scan RRDE voltammograms of Mn—-Co/NSiC-1000 and

Mn-Ag/NSiC-1000, top: Ring current, corrected by the collection factor of
0.35, bottom: Disk current. (b) H,O, yield on Mn—Co/NSiC-1000 and Mn—
Ag/NSiC-1000. Measurements performed in O,-saturated 0.1 M KOH at
25 °C, scan rate 10 mV s, rotation speed 1600 rpm. Data is corrected for
capacitive currents measured in a N,-purged solution. (c) Cyclic voltammo-
grams of Mn—Co/NSiC-1000 and Mn—Ag/NSiC-1000 (no rotation).
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Fig. 10 HAADF-STEM images of (a) MnasAgys/NSIC-1000, (b) MnsoAgso/NSIC-1000, and (c) MnysAgas/NSIC-1000 bimetallic catalysts. (d) X-ray

diffractogram of Mn: Ag-loaded NSIiC with different Mn : Ag ratios. (e) Linear

scan RRDE voltammograms of Mn—Ag/NSiC-1000 bimetallic catalyst with

different ratios of Mn and Ag (total metal loading 4 wt%), top: Ring current, corrected by the collection factor of 0.35, bottom: Disk current. (f) H,O, yield
on Mn—Ag/NSiC-1000 at different ratios. (g) Cyclic voltammograms of Mn—Ag/NSiC-1000 at different ratios (no rotation).

Electrochemical testing showed that the O, is activated at
the same early potential (E,nsee = —0.1 V vs. SCE) on both
Mn-Co/NSiC-1000 and Mn-Ag/NSiC-1000 catalysts (Fig. 9a).
Compared to the pure Mn, pure Ag, or pure Co catalysts, the
mixed Mn-Ag or Mn-Co catalysts yield lower ORR currents
(Iaisk), but also lower H,O, (Fig. 9b and c). Between them,
Mn;,C050/NSiC-1000 produces more H,0, than Mn;,Ags,/NSiC-
1000, but without a delay in the onset for peroxide production.
This suggests that the ORR selectivity towards the 2e~ pathway is
poor. Mnj;,Agso/NSiC-1000 does show a delay in the peroxide
production potential, and an overall lower peroxide yield, which
makes this our prime candidate for further studies.

To further test the active combination Mn and Ag in the Si-,
N-co-doped catalyst, we varied their ratio from 0% to 100% in
steps of 25%. The ratios of Ag:Mn were confirmed by ICP-MS
(Table S5, ESIt). X-Ray diffraction of the Mn-Ag catalysts show
AgO, signals, with the intensity proportional to the Ag content
(Fig. 10d). HAADF-STEM analysis of the Mn-Ag mixed catalysts
show that manganese and silver are distributed throughout in all
Mn-Ag catalysts (Fig. S11, ESIt). Additional elemental mapping
of the Mn,5Ag,5/NSiC-1000 shows carbon, nitrogen and silver are
homogeneously distributed in the whole material (Fig. S10,
ESIT). Mn is also well-dispersed, but some larger particles of
around 50-75 nm were observed. Oxygen is similarly homoge-
neously distributed, but a higher concentration was observed in
the region of the larger Mn particles, presumably Mn-oxides.

XPS analysis of the Mn-Ag/NSiC-1000 samples (Fig. 11) tells us
that the Ag within the Ag-Mn mixed catalysts is mostly present as
Ag® (368.2 eV), with possibly some AgO, (367.6 €V) in samples Ag; oo/
NSiC-1000 and Mn,5Ag,5/NSiC-1000, as both contributions are
difficult to deconvolute. In the samples Mn,;Ag,5/NSiC-1000 and
Mn;0Ags0/NSiC-1000, a clear shoulder peak at 369.6 eV is visible

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

which hypothetically may be attributed to Ag-Si or Ag-Mn interac-
tions. Both the Mn 2p and the N 1s spectrum show no significant
changes over the concentration range. The O 1s spectra vary
somewhat, but the changes are difficult to interpret. The O 1s
spectrum does reveal a signal at 529.5 eV for the samples Mn,;Ag5s/
NSiC-1000, Mn;5Ag,5/NSiC-1000 and Mn/NSiC-1000 which likely is
because of some Mn oxide present in the sample. The Si 2p
spectrum of Mn;sAg,s/NSiC-1000 shows an additional signal at
98.4 eV, which could not be assigned (Fig. 11, Si 2p).

The Mn-rich catalysts (Mns(Agso/NSiC-1000 and Mn; 4,/NSiC-
1000) have the lowest disc currents for O, reduction, while the Ag-
rich materials (Mn,;Ag,;5/NSiC-1000 and Ag;,/NSiC-1000) have
higher I values (Fig. 10a). The peroxide yield remains constant
throughout the 25-75% variation in Ag content, and lower than in
either pure Mn or pure Ag doping (Fig. 10b). This suggests that Mn
are similar to each other in their H,0, production activity, yet their
joint presence creates active sites that are more active towards the
4e” reduction and/or H,0, decomposition. Without rotation,
Mn;50Ags50/NSiC-1000 shows the highest reduction peak, but only
marginally larger than the others (Fig. 10c).

Conclusions

We have synthesized carbon materials co-doped with silicon
and nitrogen (NSiC) at different pyrolysis temperatures (600-
1000 °C), and used them as supports for a range of catalytic
metals (Ag, Co, Mn) in different combinations. We studied their
electrochemical activity towards the oxygen reduction reaction
in alkaline environment, as a means of determining their ability
to activate O, and subsequently to produce and further reduce
H,0,. The carbons reached surface areas of 400-530 m” g *
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(increasing with pyrolysis temperature) and high nitrogen con-
tent (17-7 wt%, decreasing with temperature). The ORR activity
is significantly better (earlier onsets and higher currents) above
800 °C, with mostly 2e™ reduction to peroxide. When doping
with Mn, Ag and Co, the onset for peroxide production
was delayed, indicating a switch to 4e” reduction and/or
peroxide decomposition; with Co, the peroxide yields were the
lowest (31% at -0.5 V vs. SCE). The highest peroxide production
was on the Mn-doped material, probably due to MnO, particles
rather than Mn-N, centers. In the multi-doped materials,
Ag,sMn;5/NSiC-1000 was found to have the highest ORR rates
and lowest peroxide yields. Overall, we hope that these results
will allow for better use of such multi-doped supports for
reductive catalysis.
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