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ABSTRACT

Due to a set of unique properties, carbon materials are applied as supports for metal-based catalysts in a wide variety of established and emerging (electro-)catalytical
transformations. By introducing heteroatoms such as N, S and P into carbon supports, metal-support interactions can be tuned, enabling an optimization of catalyst
performance in terms of activity, selectivity and stability. However, the exact impact of carbon heteroatom doping on catalyst performance remains often poorly
understood, as the effects are inseparable from the clustered influence of other support properties such as texture and nanostructure. In this context, we present
gasification-assisted heteroatom doping (GAHD) as a novel, broadly applicable post synthesis approach to exchange carbon surface atoms against heteroatoms while
retaining the properties of the parental carbon. Employing GAHD, N, S and P doping of carbons with widely varying properties could be achieved, allowing, for
example, incorporation of up to 13.1 wt-% S into an activated carbon at a change of specific surface area of only 4.4%. As a proof-of-concept, comparable N, S and P
doped carbon nanofiber supports were used to prepare Pt-based electrocatalysts for the oxygen reduction reaction and probe the influence of the heteroatom dopants
on their stability by accelerated stress tests in different potential regimes. In this context, P and S doped supports were found to exhibit a high degree of interaction
with Pt, providing increased degradation resistance compared to N and non-doped support.

1. Introduction

Due to a tunable, wide space of properties, heteroatom doped carbon
materials have been extensively investigated in the fields of energy
storage [1,2] and catalysis. In catalysis, they are predominantly applied
as catalyst supports for metal nanoparticles or metal single atoms in
various high-profile applications, such as proton exchange membrane
fuel cells (PEMFC) [3-7], electrochemical CO5 reduction [8],
Fischer-Tropsch synthesis [9,10] and various other types of oxidation
[11-13] and hydrogenation [14,15] reactions.

Considering the role as catalyst support, there are numerous exam-
ples highlighting the opportunities heteroatom doping provides to
optimize a catalyst system in terms of activity, selectivity and stability
[14,16-19]. In this sense, metal-support interactions can be tailored by
heteroatom doping, whereas charge transfer between metal and het-
eroatom dopant can influence activity and selectivity of a catalyst [9,
20-22]. Furthermore, heteroatom doping can improve catalyst stability,
by increasing the polarity of the carbon support and enabling

* Corresponding author.
** Corresponding author.

coordination of the metal active phase by free electron pairs of the
dopant [5,7,14,23-28]. Nevertheless, it has to be emphasized that the
precise effects of heteroatom doping on catalyst performance remain
often poorly understood, as carbon supported metal catalysts exhibit an
extensive number of factors influencing catalytic performance [29-32].

In order to disentangle the effects of heteroatom doping from other
support characteristics, a straight-forward approach would be the
comparison of series of doped and non-doped carbons, which only differ
in the presence or absence of heteroatoms, but not in crystallinity,
texture or morphology. However, current synthetic approaches towards
heteroatom doped carbons exhibit clear limitations regarding the
accessibility of such comparable doped carbon materials. Considering
bottom-up synthesis strategies for doped as well as non-doped carbons
such as chemical vapor deposition (CVD) as well as pyrolysis, hetero-
atom doping is usually achieved by exchanging precursors composed of
C, H and O with precursors additionally containing N, S or P [33-35]. In
this context, the presence of N, S or P in the precursors changes carbon
formation pathways fundamentally, thus preventing the synthesis of
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doped and non-doped carbon materials with comparable properties
[35]. Post-synthesis doping strategies avoid the complex interplay be-
tween heteroatom doping and carbon formation by introducing het-
eroatoms into an already developed carbon structure, mostly by
high-temperature treatment of a carbon material with an impregnated
or gaseous heteroatom source [36-40]. However, many post-doping
strategies also change the properties of the parental carbon to such an
extent that series of comparable doped and non-doped carbons are
inaccessible.

Hence, an optimal heteroatom doping method to access comparable
doped and non-doped carbons would allow to selectively exchange
single carbon atoms against arbitrary heteroatoms, without otherwise
disturbing the characteristics of the original carbon. To approach this
goal, we propose the novel concept of gasification-assisted heteroatom
doping (GAHD). In this method, a gasification agent (H,0, CO,, Hy) is
utilized to create defects in a carbon material while a simultaneously
present gaseous heteroatom source containing N, S or P saturates these
newly formed chemisorption sites. Aiming at broad applicability, a
minimalistic experimental set-up is used, relying on a gas-washing bottle
serving as a simple one-stage saturator for the dosing of the heteroatom
source upstream of a tubular furnace. Thus, heteroatom sources utilized
in this approach are inexpensive, easy-to-handle liquids, eliminating the
need for sophisticated infrastructure for handling and dosing of corro-
sive, toxic gases (Scheme 1).

Within this contribution, GAHD is studied at the example of N, S and
P doping of three typical carbon catalyst support materials which cover a
wide range of properties, namely activated carbon (AC), carbon black
(CB) and carbon nanofibers (CNF). In order to probe the potential of
GAHD to produce heteroatom doped model supports for the examina-
tion of the effects of heteroatom doping, Pt nanoparticles are deposited
on a series of comparable heteroatom doped CNF with similar N, S and P
loading. As a model process, the influence of N, S and P doping of the
CNF support on the degradation of PEMFC Pt/C catalysts is examined by
subjecting the materials to accelerated stress tests (AST) in two different
potential regimes [41,42].
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2. Materials and methods
2.1. Materials

All gases were purchased from Linde AG. 65 wt-% HNOs, 37 wt-%
HCI, trimethyl phosphite, carbon disulfide, ethylene diamine and hex-
achloroplatinic acid (99.95%) were purchased from Sigma Aldrich,
while calcium oxalate monohydrate was acquired from Alfa Aesar. Ul-
trapure water was purchased from VWR, while 70 wt-% HClO4 (ultra-
pure) and ethanol abs (99.8%) were acquired from Carl Roth. Carbon
black (Printex® 85) was provided by Orion Engineered Carbons while
activated carbon (Norit A Supra EUR, Cabot) was purchased from Sigma
Aldrich. The activated carbon was demineralized (37 wt-% HCI, 90 °C,
24 h) before use, the carbon black was used without further
pretreatment.

2.2. Preparation of carbon nanofibers

The preparation of platelet carbon nanofibers (CNF) has been
described elsewhere [43]. In short, a Fe3O4 catalyst is reduced in a flow
of 100 mL min* of 25 vol-% Hj in Ar at 600 °C for 6 h in a vertical
tubular furnace employing a quartz reactor with a ceramic frit. After
flushing with 100 mL min~! Ar for 30 min at 600 °C, carbon nanofibers
are grown by CVD for 48 h at 600 °C using a mixture of 50 mL min ! CO
and 12.5 mL min~! Hy. For purification, the as-grown CNF are dispersed
in 65 wt-% HNOj3 (ca. 1:14 g g~! CNF/HNO3) at 120 °C for 24 h and
subsequently filtrated and washed with deionized water. This purifica-
tion procedure is carried out three times. Afterwards, the nanofibers are
dispersed in 37 wt-% HCl at 90 °C for 24 h, after which they are filtrated,
washed with water and dried at 120 °C in static air.

2.3. High-temperature hydrogen treatment of CNF

To obtain a carbon surface mostly terminated by H, 500 mg of CNF
were heated in a vertical tubular furnace to 950 °C at a heating rate of
10 °Cmin ! in a stream of 100 mL min~! of H,. After holding 950 °C for
30 °min, the sample was allowed to cool in a flow of 100 mL min~! Ar,

gasification agent

defect
generation

comparable ™. ..
catalyst supports

Scheme 1. Gasification-assisted heteroatom doping is realized by saturating a gas stream containing a gasification agent with the vapors of a liquid heteroatom
source, whereas the gasification agent introduces new surface defects into the carbon lattice, that are subsequently saturated by the heteroatom source. This pro-
cedure allows replacement of surface carbon atoms against N, S or P, thus enabling post-synthesis heteroatom doping while retaining carbon properties such as

nanostructure and texture.
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yielding 470 mg of CNF-H.
2.4. Heteroatom doping

Heteroatom doping was conducted in a vertical tubular furnace
employing a quartz reactor (ca. 40 mm internal diameter) fitted with a
ceramic frit on which the carbon samples were placed. Liquid hetero-
atom sources were fed as vapors to the reactor by utilizing a gas-washing
bottle as saturator upstream of the furnace. The employed gas distri-
bution system controlled by mass flow controllers (MFC, Bronkhorst)
allowed to select the flow pathway either through saturator and reactor,
or to bypass the saturator and feed gases directly to the furnace during
heat-up and cool-down. A flow chart of the employed gas distribution
system is provided in Fig. S1. In the following, typical procedures for N,
S and P doping are described. The detailed doping procedure of every
sample is provided in Tables S1-3 in the SI.

2.4.1. N doping

For N doping, 350 mg of activated carbon, carbon black or carbon
nanofibers are placed in the quartz reactor and heated to 875 °C at a rate
of 10 °C min~! and 250 mL min~! Ny flow. After reaching the reaction
temperature, the gas flow is switched to pass through the saturator
containing a mixture of ethylene diamine and water (1:1.5 mol mol™ )
before entering the furnace. After the desired reaction time, the gas flow
is switched to bypass the saturator, and the reactor is allowed to cool.
Depending on the parental carbon and the employed reaction time,
300-320 mg of N doped carbon is obtained.

2.4.2. S doping

For S doping, 350 mg of AC, CB or CNF are placed in the quartz
reactor and heated to 825 °C for AC and CNF, and 875 °C in case of CB at
arate of 10 °C min~! in an atmosphere of 20 vol-% CO- in N at a total
flow rate of 50 mL min . Due to the high volatility of the S source, the
saturator containing pure CSy is cooled in an ice/NaCl bath (10:1 g g7,
ca. —20 °C). In order to control the amount of CSs in the reactor feed, a
gas flow between 2 mL min~! and 50 mL min~! is passed through the
saturator once the reaction temperature was reached. It was ensured
that a gas mixture of 20 vol-% CO- in N at a total flow rate of 50 mL
min~! was always obtained at the furnace entry. It should be noted that
elemental S is produced by the doping procedure. Therefore a 100 mL 3-
neck flask filled with glass-wool was placed at the reactor exhaust to
catch volatile S and to avoid clogging of small-diameter exhaust lines.
After the desired reaction time, the gas flow is switched to bypass the
saturator, and the reactor is allowed to cool in a flow of 50 mL min~! No.
Depending on the parental carbon and the reaction time, 280-310 mg of
S doped carbon is obtained.

2.4.3. P doping

For P doping, 350 mg of AC, CB or CNF are placed in the quartz
reactor and heated to 825 °C at a rate of 10 C min~! and 50 mL min~! Hy
flow. After reaching the reaction temperature, the gas flow (50 mL
min~! Hy) is switched to pass through the saturator containing trimethyl
phosphite as P source before entering the furnace. Elemental P as well as
POy is produced by the doping procedure, thus a 100 mL 3-neck flask
filled with glass-wool was placed at the reactor exhaust to catch volatile
P species and avoid clogging of exhaust lines. After the desired reaction
time (15-180 min), the gas flow is switched to bypass the saturator, and
the reactor is allowed to cool under a flow of 50 mL min ' N,. After the
temperature falls below 80 °C, the gas is switched from N to synthetic
air for 12 h in order to ensure oxidation of any potentially formed white
phosphorus. Depending on the parental carbon and the employed re-
action time, between 280 and 320 mg of P doped carbon is obtained.

2.5. Pt loading

For loading of the doped CNFs with platinum nanoparticles, a
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modified method of Rampino and Nord was used [44]. To this end, 20
mg of carbon was mixed with 179 pL of a precursor solution containing
chloroplatinic acid hexahydrate (32.9 mg) in ethanol (1 mL). After-
wards, 0.3 mL of ethanol was added to the mixture, before dispersing the
carbon by 30 min of ultra-sonification. The solvent was evaporated in a
vacuum oven at 60 °C and 50 mbar. In the following step, the supported
chloroplatinic acid was reduced in a stream of 20 vol-% Hj in N5 (total
flow 166 mL min~1) for 2 h in a tubular furnace at 200 °C. The
carbon-supported Pt catalysts were used for RDE testing without further
purification or pre-treatment.

2.6. Rotating disc electrode testing

The stability of the synthetized materials at relevant electrochemical
potentials was determined from electrochemical half-cell measure-
ments. The setup consisted of a three-electrode compartment Teflon®
cell with a rotating disk electrode (RDE) equipped with a Radiometer
Analytical rotation controller (model Origatrod manufactured by Ori-
galys) and a Gamry Reference 600 potentiostat. A graphite rod was used
as counter electrode and a double junction Ag/AgCl (3 M KCI, Metrohm)
electrode served as reference electrode. The cell compartment of the
reference electrode was separated with a Nafion® membrane to avoid
chloride ion leaching during the measurements. All potentials are re-
ported with respect to the reversible hydrogen electrode (RHE). To
ensure an accurate correction for the Ag/AgCl electrode potential, it was
measured utilizing a Pt working electrode in an H-saturated electrolyte
beforehand. This procedure was repeated for every measurement with
the tested Pt/CNF catalysts.

The catalyst films were prepared by dispersing the catalyst powders
in a mixture of 15% ultrapure isopropanol in ultrapure water using an
ultrasonic vial treater (30 min initial, 10 min when re-used). Before
sonication, a respective amount of a 5% Nafion® solution to reach an
ionomer to carbon ratio (I/C ratio) of 0.1 was added to the dispersion. A
20 pL ink droplet was added onto the freshly polished glassy carbon disk
electrode with a diameter of 5 mm (0.196 cm? geometrical surface area)
of an RDE tip, and finally dried in air. The catalyst loading on the
electrode was set to 10 ugpe cm~2. 0.1 M HCIO4 was used as the elec-
trolyte. The ohmic drop was corrected via positive feedback.

The stability tests consisted of a voltage cycling-based accelerated
stress test (AST) with 2000-5000 potential cycles at 1 V s ! between
either 0.05 and 1.5 Vgryg or 1.0 and 1.5 Vgyg. The degradation protocol
was performed in Ny-saturated electrolyte [45] without rotation and the
electrochemically active surface area (ECSA) was determined via
CO-stripping initially and after 10, 100, 200, 500, 1000 and 2000 cycles,
respectively. Before each stability measurement, the activity of the
catalysts was determined. For activation, the films were subjected to 50
cleaning cycles (0.05-1.0 V) in Ny-saturated electrolyte. ORR activities
were calculated from the anodic scan of a cyclic voltammogram recor-
ded in O,-saturated electrolyte with a scan rate of 50 mV s * by Kou-
tecky-Levich analysis at 0.9 Vgyg while rotating the electrode at 1600
rpm. To separate the current related to oxygen reduction, the cyclic
voltammograms were background corrected by subtracting a cyclic
voltammogram recorded under nitrogen saturation within the same
potential window. The ORR activity measurements were carried out
according to the guidelines reported in literature [46]. The specific ac-
tivity (SA) is reported as the kinetic current density normalized to the
real Pt surface area, which is calculated from the electrochemical CO
oxidation charge (CO stripping) assuming a surface charge density of
380 uC cmﬁtz. Mass activities (MA) were derived from the SA and ECSA.

2.7. Characterization

Nitrogen physisorption at —196 °C was conducted using a Micro-
meritics Tristar 3020 analyzer. Before physisorption analysis, samples
were degassed overnight at 200 °C and 0.01 Torr. Specific surface areas
were determined by the Brunauer-Emmett-Teller (BET) method. X-ray
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powder diffraction was performed utilizing a Bruker D8 DaVinci
diffractometer in Bragg-Brentano geometry with Cu Ko radiation.
Raman spectroscopy was carried out utilizing a Horiba Jobin Yvon
LabRAM HR800 Raman microscope, employing a HeNe laser with a
wavelength of 633 nm. Fitting of the Raman spectra and extraction of
Ip/Ig ratios was performed according to Mallet-Ladeira et al. [47]. At
least five spectra of different sites of each sample were recorded and
evaluated. Elemental combustion analysis for determination of the N
and S content of the doped carbons was carried out using a Vario El III
(Elementar Analysesysteme) and an Elementar Unicube analyzer.
Determination of P content was conducted by microwave digestion in
aqua regia (Berghof SpeedWave XPERT) followed by microwave plasma
atomic emission spectroscopy (Agilent 4210 MP-AES). Pt loadings of the
supported Pt/CNFs were determined by inductive coupled plasma
excited optical emission spectroscopy (ICP-OES) after aqua regia
digestion (Optical Emission Spectrometer 2000 DV, PerkinElmer).
Scanning transmission electron microscopy (STEM) micrographs were
obtained on a Hitachi SU9000 electron microscope operating at an
accelerating voltage of 30 kV. Energy-dispersive X-ray spectroscopy
(EDS) maps were recorded at an accelerating voltage of 30 kV using an
Oxford Ultim Extreme 100 mm? detector and a pixel dwell time of 400
ps. TEM images of supported Pt/CNF catalysts were recorded with a
Philipps CM20 transmission electron microscope at an accelerating
voltage of 200 kV. Particle sizes were determined using ImageJ by
manually counting 300-500 particles. X-ray photoelectron spectroscopy
(XPS) was conducted on a Kratos Analytical Axis Ultra DLD spectrometer
using monochromatic Al Ka irradiation (1486.6 eV) operating the anode
at 10 kV with an aperture of 700 x 300 pm. Surveys were recorded with a
pass energy of 160 eV, while high-resolution spectra were measured
with a pass energy of 20 eV. The energy axis was calibrated by fixing the
Cls contribution of sp2 carbon (“graphite”) at 284.6 eV. For deconvo-
lution, linear combinations of Gaussian and Lorentzian functions were
utilized (pseudo-Voigt-profiles) and Shirley background subtraction was
performed prior to fitting. For detailed fitting procedures, see the SI.
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Temperature programmed oxidation (TPO), desorption (TPD) and the
determination of the amount of oxygen chemisorption sites were per-
formed utilizing a NETZSCH STA 449 Jupiter thermogravimetric bal-
ance coupled to a NETZSCH Aéolos quadrupole mass spectrometer. TPO
was conducted in a flow of 100 mL min~! synthetic air, employing a
heating ramp of 5 °C min~!. TPD was performed in a flow of 30 mL
min~! Ar, utilizing a heating ramp of 5 °C min~!. The amount of oxygen
chemisorption sites was determined by heating the carbon sample to
300 °C with a heating ramp of 10 °C min~" in a mixed gas flow of 50 mL
min~! air and 50 mL min~! Ar. After holding 300 °C for 1 h, the system
was cooled to 50 °C with a cooling rate of 10 °C min™! and the system
was flushed for 1 h with 300 mL min~! Ar. Subsequently, TPD was
performed heating the sample at 10 °C min~! to 1200 °C in a stream of
30 mL min~! Ar. Quantification of evolved CO, CO, and H,O was
realized by calibrating the coupled mass spectrometer by performing the
TPD part of the program with calcium oxalate monohydrate as a
standard.

3. Results and discussion
3.1. Starting materials

Activated carbon, carbon black and platelet-type carbon nanofibers
were chosen as starting materials due to their high relevance for use as
catalyst supports. The three starting materials exhibit different mor-
phologies (Fig. 1a—c) as well as different textures, with AC being highly
microporous (isotherm type Ib) exhibiting a specific surface area (SSA)
of 1658 m? g~! (Fig. 1d). In contrast, Ny physisorption isotherms of CB
and CNF indicate the presence of micro-, meso- and macropores
(isotherm type IVa), represented by interparticle spaces of different size,
with SSA’s of 189 and 123 m? g™}, respectively. X-ray powder diffrac-
tion (XRD) of the pristine materials shows the typical reflections for sp>
hybridized carbon for all three materials, among others the (002)
contribution at 26°/20 and the (100/101) reflections around 43°/20
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Fig. 1. STEM micrographs of the [a] activated carbon, [b] carbon black and [c] carbon nanofibers. [d] N physisorption isotherms, [e] powder X-ray diffractograms
and [f] representative Raman spectra of activated carbon, carbon black and CNF. (A colour version of this figure can be viewed online.)
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(Fig. 1e). However, only CNF shows sharp reflections indicating a high
degree of crystallinity, while CB and AC exhibit broad contributions
with low signal-to-noise ratio that are characteristic for carbon materials
lacking long-range structural order. It should be noted that the biomass-
derived AC contains crystalline SiO5 as impurity that was not removed
by the applied demineralization procedure.

Similar to the XRD data, Raman spectroscopy implies low crystal-
linity for AC and CB, as indicated by broad D (~1320 em ™)) and G
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(~1590 cm™ 1) bands, high Ip/Ig ratios (1.39 for AC, 1.31 for CB), and
the absence of any developed second order contribution (Fig. 1f, S2a). In
contrary, the Raman spectrum of CNF shows sharp D and G bands as well
as a clear 2D (~2660 cm ™) contribution thereby confirming its crys-
talline character. However, the high Ip/Ig ratio (1.72 + 0.06) and the
pronounced D’ (1620 cm 1) band indicate comparatively low in-plane
crystallite size as well as the presence of a high concentration of edge
sites that is typical for platelet-type CNF [47]. Reflecting the general
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Fig. 2. Influence of gasification assisted heteroatom doping on texture, structure and heteroatom loading of AC, CB and CNF. The specific surface area relative to the
pristine carbon materials serves as descriptor for textural changes, while the Raman Ip/I ratio is used as descriptor for structural changes. The pristine carbons are
subjected to GAHD for different periods of time. [a] N doping (875 °C, ethylene diamine/water vapor, N5), [b] S doping (825-875 °C, CS, vapor, 20 vol-% CO, in N5)
and [c] P doping (825 °C, trimethyl phosphite vapor, Hy). (A colour version of this figure can be viewed online.)
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trends in SSA and crystallinity, temperature programmed oxidation
(TPO) in air shows that AC exhibits the lowest oxidation resistance with
the maximum rate of mass loss at 592 °C, followed by CB at 613 °C and
CNF at 636 °C (Fig. S2b). X-ray photoelectron spectroscopy was carried
out to probe the surface composition of the materials, revealing that
carbon and oxygen are the dominant surface species for pristine AC
(95.6 at-% C, 3.8 at-% 0), CB (94.0 at-% C, 6.0 at-% O) and CNF (93.6
at-% C, 5.7 at-% O) (Fig. S2c, Table S4). Other detectable elements were
Si (0.2 at-%) in case of AC as well as Cl in case of AC (0.4 at-%) and CNF
(0.7 at-%) stemming most likely from HCI treatments for demineral-
ization or removal of the CVD catalyst, respectively. It should be noted
that Cl could not be detected in any of the samples after the
high-temperature heteroatom doping procedure. In addition, bulk
elemental (combustion) analysis was carried out, showing that the bulk
composition of AC, CB and CNF compares reasonably well with the
surface composition (Table S4).

3.2. Heteroatom doping

Ethylene diamine (EDA), carbon disulfide (CSy) and trimethyl
phosphite (TMP) were chosen as precursors for N, S and P doping on
basis of volatility, handling, elemental composition and toxicity.
Considering the choice of gasification agents, CS; was combined with
COs, while ethylene diamine was used with H5O to avoid formation of
carbamates in presence of COy. TMP was paired with hydrogen, with the
goal of facilitating the reduction of P and avoiding the deposition of non-
volatile oxidized P species such as (poly)phosphates on the carbon sur-
face. A parameter optimization was executed for each combination of
dopant, gasification agent and carbon material, varying the dopant/
gasification agent ratio and the reaction temperature with the aim to
achieve heteroatom doping while retaining the properties of the
parental carbon. In this context, the SSA as well as the Raman Ip/Ig ratio
and position of the G-band are utilized as descriptors for textural and
structural integrity, respectively (see Fig. S3 for the exemplary optimi-
zation of doping conditions for the combination CNF/TMP/H3). In all
cases, the optimum temperature was located between 825 and 875 °C,
well-above the onset for carbon (hydro-)gasification by CO2, H2O and Hy
with sample burn-off usually around 10 wt-%, depending on carbon
material and treatment duration [48,49]. It should be noted that het-
eroatom loading was determined by two different methods for each
sample, utilizing elemental (combustion) analysis and MP-AES for
determination of the bulk content and XPS for the surface content.

Under optimized conditions (875 °C, mixture of EDA:H50 1:1.5 mol
mol ! in the saturator, N, atmosphere), N doping could be achieved for
AC, CB and CNF. By increasing treatment times from 30 to 180 min, up
to 2.5 wt-% of N could be incorporated into AC as indicated by elemental
(combustion) analysis, accompanied by a decline in SSA of only 2.3%,
which is close to the measurement error of approximately 0.5% (Fig. 2a,
see Table S5 for XPS quantification results). Compared to AC, lower N
doping amounts were achieved for CB (1.2 wt-% at 180 min) and CNF
(1.5 wt-% at 180 min). However, changes in SSA remained minor also
for CB and CNF (+6.4% for CB; —10.4% for CNF). The texture was found
to be changed insignificantly by the N doping procedure as indicated by
total pore volume and the shape of the Ny physisorption isotherms
(Fig. S4). It should be noted, that the texture of the examined carbons is
subject to processes that work in opposite directions. Deposition of non-
volatiles originating from the heteroatom sources is causing a decrease
in SSA and pore volume by blocking micropores and interparticle spaces.
This is observed in all cases if no gasification agent is present. A process
that works towards increasing the SSA is carbon gasification, as at high
temperatures and concentrations, the gasification agent will not only
remove non-volatile deposits, but will also attack the carbon backbone.
A third process influencing the texture during GAHD is the exchange of
carbon surface atoms with heteroatoms. Depending on the similarity of
atomic radii and bond lengths to the radius of the carbon atom and the
C=C bond length, this exchange will cause distortions in the
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hypothetical, perfectly planar graphene plane, whereas dopants of
higher atomic radius such as S and P are expected to cause more pro-
nounced changes in SSA compared to N. However, we expect all three
mentioned processes to play a role during GAHD, but as the experi-
mental conditions were optimized to cause minimal changes in SSA,
those processes responsible for increasing the SSA are mostly in equi-
librium with those causing a decrease in SSA.

The Raman Ip/Ig ratio was found to increase significantly for AC
from 1.39 to 1.65 with increasing treatment duration, indicating a
decline in structural order (Fig. 2a). CB and CNF in contrary show only
insignificant changes in Ip/Ig ratios after 180 min of gasification-
assisted N doping. The observation of only minor changes in structural
descriptors such as Ip/Ig ratio or the position of the G-band (Fig. S5)
after heteroatom doping might be ascribed to the fact that only the
surface of the carbon materials is affected by the treatment. As the
surface of the studied carbons is inherently rich in defects such as edge
sites and curved/distorted graphene layers/stacks the exchange of one
defect site (carbon edge site) against another (heteroatom) might not
change structural descriptors such as the Ip/Ig ratio and the position of
the G-band, especially when the bulk of the sample remains unaffected
by the treatment. We hypothesize that the unaffected bulk is the main
reason why changes in Ip/Ig ratio as well as in the position of the G-band
are insignificant for CB and CNF, as the atomic ratio of Cgyrface/Cbulk iS
expected to be low, meaning that changes that only affect the surface are
not picked up by Raman spectroscopy. The Cgyrface/Chuik ratio is ex-
pected to be much higher for AC, which in turn leads to an increased
response of structural descriptors such as Ip/Ig ratio or position of the G-
band upon heteroatom doping.

It should be noted that the general trends in the achievable hetero-
atom loading AC > CB =~ CNF as well as the structural stability under
doping/gasification conditions CNF ~ CB > AC appear to be influenced
solely by the properties of the individual carbon materials, thus
remaining valid for other combinations of dopant and gasification agent.
In this context, by varying treatment duration of gasification-assisted S
doping (825 °C for AC and CNF, 875 °C for CB; CS; in the saturator, 20
vol-% CO; in Ny atmosphere) remarkably high S loadings of up to 13.1
wt-% could be achieved for AC, accompanied by a decrease in SSA of
only 4.4% (Fig. 2b, see Table S6 for XPS quantification results). Like-
wise, high S loadings of up to 6.9 wt-% and 5.9 wt-% could be obtained
for CB and CNF, respectively, while inducing only minor changes in SSA
(+9.8% for CB, —2.9% for CNF). Total pore volume and the shape of the
Ny physisorption isotherms were found to be unaffected by the S doping
procedure in most cases (Fig. S4). As already described for N doping, AC
showed larger changes in the Ip/Ig ratio (from 1.39 for pristine AC, to
over 1.59 at 5 min, to 1.48 at 180 min treatment duration) with
increasing treatment duration compared to CB and CNF, which
remained largely unaffected by the combined influence of S doping and
gasification (Fig. 2b).

In comparison to N and S doping, the retention of the texture during
P doping proved to be more challenging. By varying the treatment
duration under optimized doping conditions (825 °C, TMP in the satu-
rator, Hy atmosphere), a P loading of up to 1.9 wt-% could be achieved
for AC while the SSA decreased simultaneously by 9.1% (Fig. 2c, see
Table S7 for XPS quantification results). For CB and CNF, P loadings of
up to 0.9 and 0.8 wt-% could be obtained, respectively, with SSA
dropping by 14.2% in case of CB and 14.7% for CNF. For AC and CNF,
textural changes were limited to a decreased micropore volume as
indicated by a lower N uptake in the relative pressure range 0<p/po <
0.1 of physisorption isotherms with increased treatment duration
(Fig. S4). In addition to a decreasing micropore volume, CB additionally
showed a decrease in the meso-/macropore volume with increasing P
loading, with the N5 uptake in physisorption isotherms decreasing in the
range of 0.8<p/pp < 1.0. The formation of a plateau in the desorption
branch between 0.85<p/pg < 1.0 for CB treated for 60 min indicates
narrowing pore necks (e. g. formation of ink bottle pores). The
decreasing micropore volumes for AC, CB and CNF as well as the
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narrowing of pore necks for CB indicate at least a partial deposition of P
species on top of the carbon surface. Despite changes in texture, the
structural integrity of the carbons remained largely intact, as with
increasing P doping treatment duration only minor changes in Ip/Ig
ratio could be detected for AC, while structural changes for CB and CNF
remained insignificant(Fig. 2c).

Independent of carbon material and dopant, the heteroatom loading
could be adjusted within a specific range by varying the treatment
duration and thus the overall amount of dopant exposure of the carbons.
Especially the sulfur doping procedure allowed wide-range tuning of the
heteroatom content depending on the amount of CS; supplied (Fig. S6).
Considering the accessible heteroatom loading ranges of different car-
bon materials treated with an individual dopant on one hand and of one
carbon material treated with different dopants on the other hand, it may
be concluded that the loading range is dependent on both, the nature of
the dopant/gasification agent system as well as on the characteristics of
the treated carbon material.

It should be noted that dual doped carbons are accessible by simply
running individual GAHD procedures in sequence. Utilizing CNF as
model material, all possible combinations of dual doping for N, S and P
could be achieved even with non-optimized (for dual doping) reaction
conditions. Reaction conditions, Raman spectroscopy, Ny physisorption
and XPS analysis of dual doped carbons are summarized in Tables S2 and
S8 and Figs. S7-10.

3.2.1. Analysis of introduced heteroatom species

In order to examine the heteroatom species and their distribution
introduced by GAHD, EDS mapping, XPS and high-temperature TPD-MS
were employed. As shown exemplarily by EDS mapping of CNF doped
with N, S and P, gasification-assisted heteroatom doping affords a ho-
mogeneous surface distribution of heteroatom species (Fig. 3a—c). XPS
analysis of the N doped carbons reveals the presence of pyridinic, pyr-
rolic, quaternary as well as oxidized N species for all carbon materials
(Fig. 3d, S11). Independent of the utilized carbon and the treatment
duration, the distribution of the individual N species was found to be
similar, with pyridinic N being the dominant species (~50%) followed
by pyrrolic (~20%) and quaternary (~20%) N, with oxidized N species

CNF-N-180min

CNF-S-180min
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(10%) playing a minor role (Fig. S12). High-temperature TPD-MS to up
to 1400 °C revealed that most of the introduced N species are quite
temperature stable, with similar desorption ranges of 800-1400 °C and a
desorption maximum around 1100 °C for all carbons(Fig. S13). In
addition, the desorption profile of AC shows some low-temperature NO
evolution in the temperature range between 300 and 600 °C, indicating
decomposition of oxidized N species [50]. Given the decomposition
temperature ranges of pyridinic (900-1000 °C) [39,51], pyrrolic
(700-900 °C) [39,50] and quaternary N (1000-1500 °C) [52,53] re-
ported in literature, the results of high-temperature TPD are in agree-
ment with those of XPS analysis.

Gasification-assisted S doping yields aliphatic sulfides, thiophenic S
as well as oxidized S species such as sulfones and sulfoxides. XPS anal-
ysis reveals that thiophenic S is dominating (>85%) the ensemble
regardless of the treatment duration and carbon material (Fig. 3e, S14-
15). This finding is reflected by high-temperature TPD-MS up to
1400 °C, showing decomposition of a large fraction of S species in the
temperature range of 600-1400 °C, indicating the presence of compar-
atively temperature stable aromatic S species (Fig. S16) [54,55]. While
the surface of CNF appears to be largely occupied by thiophenic S, CB
and AC additionally show significant low-temperature desorption of S
species, hinting at the presence of thioles (227-377 °C) [56], aliphatic
sulfides (350-620 °C) [57], as well as oxidized S as present in sulfones
and sulfoxides (~400 °C) [58]. Given the highly microporous character
of AC, even a low amount of weakly adsorbed and unreacted CS, could
be detected. XPS analysis revealed the presence of at least two types of P
species, which differ in their state of oxidation (Fig. 3f, S17-18). The
reduced P species, corresponding to a stoichiometry of C3PO; (triphe-
nylphosphine oxide may serve as a model compound with similar
binding energy) [59] proved to be the dominant species for all P doped
samples, representing ~75% of the P species ensemble. The second
species corresponds to P in a higher state of oxidation, showing binding
energies that compare well to stoichiometries such as Co—1PO3 4, with P
bound to C either via only one direct bond, or via ether-type bridge--
oxygen [59-61].
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Fig. 3. EDS elemental maps of CNF subjected to gasification-assisted [a] N, [b] S and [c] P doping. Exemplary high-resolution XPS [d] N 1s, [e] S 2p and [f] P 2p
spectra of heteroatom doped CNF. (A colour version of this figure can be viewed online.)
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3.2.2. The role of carbon defect sites for gasification-assisted heteroatom
doping

Gasification-assisted heteroatom doping relies on the hypothesis that
the simultaneous presence of a heteroatom source and a gasification
agent allows the atomic replacement of carbon atoms against hetero-
atoms, assuming that the gasification agent introduces defects/chemi-
sorption sites that are subsequently saturated by the dopant. To probe
this hypothesis, the amount of chemisorption sites was determined for
the pristine carbon materials, and was subsequently compared to the
amount of N, S and P incorporated into the different carbon materials.
This comparison allows to estimate if the gasification agents introduced
new defect sites into the carbon materials that could serve as chemi-
sorption sites for the dopants.

The amount of available chemisorption sites in the pristine materials
was determined by loading the carbons with oxygen at 300 °C followed
by TPD-MS to quantify desorbed oxygen in form of CO2, CO and H2O (cf.
SI for detailed information) [62,63]. As expected, AC showed by far the
highest amount of oxygen chemisorption sites (2670 pmol g~ 1), with
CNF (1738 pmol g~1) and CB (1387 pmol g~?) exhibiting a significantly
lower mass-based site density (Fig. 4a). Considering the surface occu-
pation of a chemisorption site (assumed to be identical to the area
occupation of an edge carbon atom lying in the (100) plane (0.083 nm?))
[64], the fraction of the total surface area susceptible to oxygen chem-
isorption termed “active surface area” (ASA) can be determined. In this
context, CNF shows the largest ASA (71% of SSA) due to the high edge
site exposure of platelet-type CNF, followed by CB (37% of SSA) and AC
(8% of SSA) (Fig. 4a). Utilizing the heteroatom loading and the amount
of chemisorption sites determined for pristine AC, CB and CNF, the de-
gree of defect/chemisorption site saturation was calculated for every
heteroatom doped carbon (Fig. 4b). In this context, very similar degrees
of chemisorption site saturation are reached for N (0.4-0.7 mol mol™H)
and P doping (0.1-0.25 mol mol~?) regardless of the employed carbon
material. This indicates that the accessible degree of chemisorption site
saturation is determined by the employed combination of dop-
ant/gasification agent. In case of N and P doping, the amount of
achievable heteroatom loading is thus governed by the initial amount of
chemisorption sites available in each carbon. The degree of chemi-
sorption site saturation below 1 mol mol~! implies that no new chemi-
sorption sites are generated in case of the employed N and P doping
procedures which, however, does not mean that the presence of the
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gasification agent is dispensable: For both N and P doping, it was found
that the absence of H0O and H; reduces the SSA and the pore volume
significantly for all carbons. Consequently, the gasification agents
impede the degradation of carbon texture by removing undesired de-
posits from the carbon surface. Contrary to N and P doping, S doping
with CSy/CO4 affords much higher degrees of chemisorption site satu-
ration for all carbon materials, with values exceeding 1 mol mol?
indicating the introduction and subsequent S saturation of new chemi-
sorption sites. For CNF, a degree of chemisorption site saturation of 1 is
not exceeded substantially, however, in light of the extremely high
fraction of SSA susceptible to chemisorption, the generation of addi-
tional defects by gasification might be impeded simply by a lack of
unoccupied surface area.

3.3. Accelerated stress testing of N, S, P-doped CNF-supported Pt catalysts
in the oxygen reduction reaction

To demonstrate the versatility of GAHD to study the isolated influ-
ence of heteroatom doping on the performance of carbon supported
catalysts, the N, S and P content of CNF was precisely adjusted to 1.5 at-
%, resulting in a series of catalyst supports featuring similar textures and
structures but different surface chemistry. CNF were chosen as model
support in order to limit diffusion limitations that are associated with
the high microporosity of AC, and to allow a higher heteroatom loading
than CB did permit (as determined by XPS, compare Tables S5-57). As a
reference, pristine CNF treated with Hy at high temperatures (CNF-H)
was utilized, representing a carbon surface mostly terminated by
hydrogen (Fig. 5, S19-21 and Table S9).

The electrochemical oxygen reduction was chosen as a test reaction
and platinum nanoparticles in the size range of 1.4-1.8 nm were
deposited onto the heteroatom doped CNF (Fig. 6a, S22 and Table S10).
XPS analysis of the Pt/C catalysts showed a similar C/heteroatom atomic
ratio for CNF-N-1.5 before and after Pt loading, while a significant in-
crease was detected for CNF-S-1.5 and CNF-P-1.5 after Pt loading,
indicating preferential attachment of Pt nanoparticles on S and P surface
species (Fig. S21, Table S9). Analysis of the XPS S 2p contribution of Pt/
CNF-S-1.5 shows a decline in the relative amount of thiophenic S,
pointing at thiophenic S species as Pt anchoring sites. In case of Pt/
CNF-P-1.5, no shift in the relative amount of P species was observed by
analysis of the XPS P 2p contribution, suggesting that Pt attachment
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Fig. 4. [a] Amount of oxygen chemisorption sites in pristine AC, CB and CNF as determined by oxygen loading of the materials at 300 °C and subsequent quan-
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Fig. 5. Specific surface area, heteroatom loading, and Raman Ip/Ig ratio of
heteroatom doped CNF utilized as comparable catalyst support for Pt nano-
particles. (A colour version of this figure can be viewed online.)

occurs in equal proportions on oxidized and reduced P species (Fig. S21).
Deconvolution of the XPS Pt 4f contributions of the different pre-
reduced Pt/C catalysts yielded differences in the ratio of Pt%/Pt>*/4*,
however, this ratio is influenced by re-oxidation after the reduction step
and is in addition not representative for the oxidation state of Pt during
potential cycling (Figs. $23-24). The binding energies of Pt°, Pt>* and
Pt*" were found to be similar for all supports, indicating that charge
transfer does not play a significant role.

The specific ORR activities (normalized to the Pt surface) of the Pt/C
catalysts determined at 0.9 Vgyg were found to be in a range between
0.28 and 0.44 mA cm 2, which compares well to similar Pt/C catalysts
reported in literature (Table S10, for electrochemical characterization
see Figs. $25-26) [3]. The influence of heteroatom doping on the sta-
bility of these model catalysts was probed by accelerated stress tests in

' Pt/ICNF-H
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the potential ranges from 1.0 to 1.5 Vgryg (AST-1.0) as well as from 0.05
to 1.5 Vgryg (AST-0.05), whereas the relative loss of ECSA served as a
descriptor of catalyst degradation (Fig. 7). Two different potential
ranges were chosen to selectively probe catalyst degradation by carbon
corrosion related pathways in the potential range of AST-1.0, while
AST-0.05 was conducted to examine the superposition of catalyst
degradation related to Pt dissolution and particle growth pathways as
well as carbon corrosion [65].

Hence, loss of ECSA during AST-1.0 can be attributed to degradation
mechanisms related to carbon corrosion and secondary effects such as
aggregation and detachment of Pt nanoparticles [42,66]. The N, S and P
doped Pt/CNF catalysts show a similar degradation rate compared to the
non-doped Pt/CNF-H (Fig. 7a, S27). TEM analysis of the Pt/C catalysts
shows a similar increase in the average Pt particle diameter from 1.4 to
1.8 nm for the pristine materials to ca. 3 nm for all catalysts after
AST-1.0 (Fig. 528). Besides Pt particle growth, detachment of Pt parti-
cles from the CNF supports as well as Pt aggregation was observed in all
samples (Fig. 6b, S29). These results indicate that heteroatom doping of
carbon supports with N, S or P might not be a viable approach for
enhancing the resistance of Pt/CNF catalysts toward carbon corrosion
induced degradation. This finding is in line with results of Hornberger
et al., who could not observe any increase in stability of Pt supported on
N doped carbon black toward carbon corrosion upon potential cycling
from 1.0 to 1.5 Vgyg [3].

Potential cycling from 0.05 to 1.5 Vryg probes the superposition of
all possible catalyst degradation mechanisms such as the carbon support
oxidation and related Pt nanoparticle detachment and agglomeration as
well as Pt dissolution and Ostwald ripening [42,66]. Compared to
AST-1.0, AST-0.05 yields clear differences in Pt/CNF catalyst stability
depending on the surface chemistry of the CNF support (Fig. 7b, S30). In
this context, Pt/CNF-S-1.5 and Pt/CNF-P-1.5 show a significantly
reduced deactivation tendency compared to the reference Pt/CNF-H,
indicated by a retention of 46% and 44%, respectively, of the initial
ECSA after 2000 potential cycles while only 34% were retained in case of
Pt/CNF-H. Overall degradation was most severe in case of
Pt/CNF-N-1.5, whereas only 29% of the initial ECSA was available after
AST-0.05. It should be noted that these findings compare well with the
XPS analysis of the Pt/C catalysts, which suggested a higher degree of
interaction between Pt and S and P doped CNF compared to the N doped
support. TEM analysis of the Pt/C catalysts after AST-0.05 revealed Pt
particle detachment as well as particle growth and agglomeration for all
samples (Fig. 6¢, S29). Comparing the average Pt particle sizes after
AST-0.05, only minor differences between the heteroatom doped sup-
ports are observed. However, the particle size distributions differ
significantly between the supports with Pt/CNF-H and Pt/CNF-P-1.5
showing unimodal distributions with a high amount of Pt particles
exhibiting diameters between 2 and 4 nm (Fig. 8). Pt/CNF-N-1.5 shows
a bimodal size distribution centered at Pt particle diameters of 2 nm and
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Fig. 6. TEM brightfield images of [a] pristine CNF-H loaded with Pt nanoparticles and [b] Pt/CNF-H after AST-1.0. The red arrow marks detached Pt nanoparticles
in a film of ionomer. [c] TEM high-angle annular darkfield image of Pt/CNF-H after AST-0.05. (A colour version of this figure can be viewed online.)
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Fig. 7. [a] Accelerated stress test of 5000 potential cycles between 1.0 and 1.5 Vryg and [b] of 2000 potential cycles between 0.05 and 1.5 Vgyg of Pt nanoparticles
supported on different heteroatom doped CNF. Accelerated stress tests were conducted utilizing a RDE three-electrode setup in N, saturated 0.1 M HClO,4. ECSAs
were determined by CO stripping. (A colour version of this figure can be viewed online.)

5 nm, while Pt/CNF-S-1.5 exhibits a very high proportion of Pt particles
<3 nm, but at the same time a low number of very large (>10 nm)
particles. Overall, these results compare well with literature reports,
which implied an increased stability of Pt supported on S doped carbon
supports [27,67] and no benefit of N doping [3,68].

AST-0.05 clearly shows the potential of using comparable model
supports prepared by GAHD to isolate the effects of heteroatom doping

on catalyst performance. The results indicate that the rate of loss of
ECSA of Pt/CNF catalysts depends strongly on the nature of the het-
eroatom dopant, with N doping apparently accelerating catalyst
degradation, and P and S doping impeding it. Notably, it is Pt/CNF-S-1.5
and Pt/CNF-P-1.5 which show the best overall performance in AST-
0.05, even though S and P species are normally considered potent
catalyst poisons for Pt. However, in this case both appear to be firmly
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incorporated into the carbon matrix, whereas the decreased deactiva-
tion tendency indicates that the strong interaction of S and P with Pt can
indeed be used to advantage.

4. Conclusion

A broadly applicable post-synthesis carbon heteroatom doping
approach was developed, enabling incorporation of N, S and P into
carbon materials of widely differing properties, while inducing only
minimal changes in texture and nanostructure. The simultaneous reac-
tion of a heteroatom source and a gasification agent with carbon sur-
faces enables an atomic replacement of carbon surface atoms with
heteroatoms, allowing, for example, incorporation of up to 13.1 wt-% S
into an activated carbon at a change of specific surface area of only
4.4%. The feasibility of GAHD to produce heteroatom doped model
carbons to study the isolated effects of heteroatom dopants on the per-
formance of carbon supported catalysts could be demonstrated by
employing the electrochemical oxygen reduction reaction as a test re-
action. It could be shown that the stability of electrocatalysts prepared
by deposition of Pt nanoparticles on comparable N, S and P doped CNF
depends strongly on the nature of the dopant. In this context, S and P
doping of carbon catalyst supports was found to represent a viable
approach toward Pt-based fuel cell catalysts of enhanced degradation
resistance, while N doping increased the rate of ECSA loss. In this work,
we demonstrated the high potential of GAHD to gain valuable insights
into the impact of carbon heteroatom doping in a wide variety of ap-
plications, ranging from energy storage to electrocatalysis and thermal
catalysis.
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