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Abstract

Carbonaceous materials are abundant, affordable and simple to implement for a wide range
of applications. Its utilization as catalyst support for oxidation reactions seems counter intuitive
due to the instability of carbonaceous materials under depollution conditions. The current research
work demonstrates that the properties of carbon as support can be fine-tuned via the introduction
of heteroatoms. The effect of N-doping together with the anchoring of platinum nanoparticles on
the catalytic performance is systematically studied. Factors influencing the performance for CO
oxidation are elucidated using X-ray scattering, N> physisorption, transmission electron
microscopy, elemental analysis, Raman spectroscopy, X-ray photoelectron spectroscopy,
temperature programmed reduction and thermogravimetric analysis. The doping of nitrogen in the
carbon framework improves the stability of the carbon support, while adding nitrogen and oxygen
improves the stability and performance. Doped carbonaceous materials can be a promising support

for low and medium temperature range applications (100 -250 °C).

1. Introduction

Carbon-based materials indubitably will shape our future in the field of energy and
environmental technology. They have gained enormous scientific and commercial interest with
increasing applications in the separation processes, smart electronic devices, gas- and energy
storage, and catalysis [1,2]. The reason is their unique structural features, excellent chemical
stability, good thermal conductivity, low density, and of course their availability from a wide range
of renewable natural resources [2]. Carbonaceous materials have also found their entry in the field
of air and gas stream depollution [3]. For example, preferential carbon monoxide (CO) oxidation

is required in generating a clean stream of hydrogen (H2) using fuel cell technology [4,5].



Abatement of environmental pollutants is of high relevance as the polluted air is indeed a great
threat to human health and its constant exposure even at ppm level can lead to severe diseases [6].
The efficiency of different materials as adsorbents and catalysts for the removal of air pollutants
has been successfully tested [7,8]. In general, the catalyst-assisted oxidation reaction of volatile
organic pollutants can be advantageous over adsorbent techniques because of drawbacks
associated with restricted efficiency and the need for regeneration treatment and/or disposal [9].
Carbonaceous materials have been tested as catalyst support for a variety of chemical processes
owing to their stability in acidic and basic medium [10,11], but find limited appliance for oxidation
reaction because of their poor stability under aerobic conditions. Also, poor interaction between
the metal catalyst and the carbon surface leads to the deactivation of the final catalyst due to either
leaching and sintering of metal nanoparticles or breakdown of the carbon framework at elevated

temperature [12,13].

The current research study is primarily focused on strengthening of the metal-support
interaction by modifying the physicochemical characteristics of carbonaceous materials. It has
been reported that the support material plays a vital role not only in influencing the performance
of catalytic materials but in certain cases also for the overall oxidation reaction mechanism [14—
16]. For instance, ceria is a well-known support for platinum (Pt) group metal for oxidation
reactions not only because of its excellent redox properties and oxygen storage capacity [17-20],
but also strong interaction between the noble metal and ceria[18,21,22]. Here we want to study the
influence of O- and N- heteroatoms on the platinum nanoparticle stability and CO oxidation
performance. One of the problems when using carbon as a support is the formation of small size
metal nanoparticles (NPs) and maintaining their size and stability on the carbon support, especially

under oxidation reaction conditions. For example, one of the reasons for the deactivation of



Pt/activated carbon (AC) catalyst applied to formaldehyde oxidation is the agglomeration and
leaching of metal NPs [12]. This concern turns out to be even more critical when the catalytic
system is used for long reaction hours and repeated oxidation cycles. A potential solution to restrict
the metal catalysts leaching and agglomeration is the incorporation of the metal-support interaction

system in carbon-based catalysts.

The incorporation of heteroatoms, such as nitrogen, in carbonaceous materials alters the
interaction between metal nanoparticles and support as well as the stability of the final catalytic
system under oxidation reaction conditions. Wang et al. resume in a recent review article the
importance of N-doping of carbon materials in heterogeneous catalysis.[23] Earlier works already
describe surface functionalization of carbon materials with different heteroatoms as a tool to alter
its physicochemical properties [24-27]. Carbon nitrides (g-C3N4) and nitrogen-doped carbon
materials are currently gaining enormous attention due to their improved thermal and chemical
stability, electric conductivity, and water-splitting potential [28,29]. The different electron density
between carbon and nitrogen boosts the metal-support interaction as the nitrogen moieties
available in carbon support acts as tethers for metal NPs. Xiao et al. report an improved stability
and dispersion of Pt- and gold NPs on g-C3N4/SBA-15 composites due to the strong interaction
between metal and polymeric carbon nitrides as compared to pure SBA-15 [30]. Xing et al. [12]
suggest that Pt lixiviation can be significantly minimized after the surface functionalization of AC
with nitrogen-rich species. In their work, the authors use melamine as a nitrogen source for the
surface functionalization, improve the metal-support interactions and reduce the particle size of
the catalyst. However, only a maximum of 3.1 at. % of nitrogen incorporation is reported despite
the high specific surface area (Sger: 1241 m’g!) of the material. This rather limited degree of

heteroatoms integration onto carbon is due to post-synthesis functionalization presumably on the



external surface of the material. Recently, Pu et al. synthesized porous N-doped carbon using
dicyandiamide and MOFs as precursors.[31] This way, the authors obtained 10 wt-% of N content
and successfully dispersed Pd nanoparticles on the surface. The degree of nitrogen inclusion into
the carbon matrix using the surface functionalization route is difficult to control. While it is certain
that the synthesis technique is the key, the degree of nitrogen incorporation controls the metal-
support interaction. Together with a highly porous structure, the material can provide a high
number of binding sites to augment the dispersion and stability of metal nanoparticles. Therefore,
a systematic evaluation of the above-mentioned features is of foremost importance in order to
clearly evaluate the proficiency of lucrative carbon-based materials for catalytic oxidation
processes.

The current study demonstrates that metal-support interaction is vital for porous carbon
supported catalytic materials and the thermal oxidative stability of carbons improve by controlled
doping of nitrogen into the support framework. The catalytic proficiency of Pt supported on highly
porous carbons, with varied nitrogen content, is systematically investigated by using CO oxidation
as a model reaction. This is to the best of our knowledge the first report scrutinising the effect of
nitrogen-doped porous carbons (NPCs) as support for Pt catalyst for CO oxidation, on catalytic

performance, stability and recyclability.

2. Experimental

2.1. Synthesis

Porous carbons were synthesized via colloidal silica assisted sol-gel process by adapting a
synthesis described in the literature [27]. The carbon precursor, phenol-formaldehyde resins, was

prepared in a polypropylene bottle. The nitrogen incorporation inside the carbon matrix is



performed using melamine (99 %, Sigma-Aldrich) as a nitrogen source. Following a reported
synthesis protocol [27], calculated amounts of phenol (P: 39 mmol; 99%, Merck) and
formaldehyde solution (F: 78 mmol; 37 wt.%, Sigma-Aldrich) were added gradually to 100 ml
NaOH solution (0.2 M, 10 mmol; 99 %, Merck) under continuous stirring. The mixture is stirred
at room temperature at 250 rpm for 20 minutes, and then the synthesis temperature is raised to 70
°C for 40 minutes. Next, an appropriate amount of melamine (M) and an additional amount of
formaldehyde solution (107 mmol) was added. The carbon samples with M:P of 0.5:1 and 2:1 are
denoted as LNPC (low nitrogen-containing porous carbon) and HNPC (high nitrogen-containing
porous carbon), respectively. The mixture was continuously stirred at 250 rpm for 30 minutes.
Then, 50 g of Ludox SM-30 (30 wt.% colloidal SiO2 in water, Merck) was added to the above
solution and the mixture was continued heating at 70 °C under stirring for 60 minutes. The bottle
containing the suspension was then sealed and heated at 80 °C for 3 days without stirring. The
semi-solid polymer was crushed and dried at 80 °C overnight. The dried brownish powder was
ground and sieved to have a particle size of less than 250 um. The dried polymer was carbonized
under nitrogen at 800 °C for 3 hours using the heating rate of 5 °C per minute. The obtained black
powder is then subjected to 250 ml NaOH (2 M) treatment at 80 °C with stirring at 250 rpm for 12
h to remove the SiO template. The materials were then washed with water to neutralize the pH
value and dried at 80 °C for 12 h. The NPCs with different nitrogen contents were synthesized by
varying the M:P molar ratio. For the synthesis of porous carbon doped with nitrogen as well as
oxygen (LNOPC), glucose (G: 3.51 g; Analar Normapur, VWR Chemicals) is used as an oxygen
source along with melamine (2.46 g) as the nitrogen source. The porous carbon (PC) was prepared

using the above-mentioned protocol without the addition of a nitrogen or oxygen source.



The Pt deposition on as-synthesized carbon supports was performed by wet impregnation. The
support, carbon, is added to 100 ml water and sonicated for 20 minutes. A calculated amount of Pt
precursor (platinum nitrate hexahydrate, 59.14 % Pt, Heraeus), dissolved in water, was added
dropwise and the mixture was sonicated for 20 minutes followed by heating at 80° C for 6 h under
continuous stirring. Finally, water is removed using the rotational evaporation. The final catalyst

is dried in an oven at 80 °C for 12 h.

2.2. Characterization

X-ray scattering analyses at a wide angle (WAXS) and small angle (SAXS) of as-synthesized
samples were recorded on an X’Pert diffractometer from PANanalytical Instruments equipped
with CuK, monochromatic radiation source (45 kV and 40 mA) and X’Celerator detector working
in Bragg-Brentano geometry. The acquisition was carried out between 10° and 80°, step width
0.1°, 85s/step. Nitrogen (N2) adsorption/desorption isotherms were acquired at -196 °C with a
Micromeritics Tristar 11 3020 analyzer, after degassing the samples under vacuum at 200 °C for 12
hours. The specific surface area (SSA) was calculated using the Brunauer-Emmet-Teller (BET)
method and the pore size distribution was determined from the desorption branch of the isotherms
using the the Barrett-Joyner-Halenda (BJH) method. The thermal oxidative stability of carbons
was measured using a thermogravimetric analysis (TG96, Setaram) using heating rate of 5 °C min
Land airflow of 50mL min™. The carbon, hydrogen, and nitrogen content of materials is analysed
using Thermo Scientific Flash 2000 organic elemental analyser equipped with a thermal
conductivity detector. Hydrogen-temperature-programmed reduction (H2- TPR) profiles for the
samples are obtained using AutoChem 2920 (Micromeritics). Raman spectra are collected using
Thermo Scientific Raman spectrometer DXRXxi with laser beam operating at 532 nm, laser power

of 5mW, exposure time of 200 ms and microscope offering 4 levels of magnification. The obtained



data through TPR and Raman analyses were normalized using Origin software and presented for
better comparison of the results. X-ray photoelectron spectroscopy (XPS) analysis is performed
using a Thermo Electron ESCALAB 250 equipped with a monochromatic Al Ko X-ray source
(1486.6 eV). The analysed surface has a diameter of 500 um. The binding energies were calibrated
based on the C1s peak at 284.4 eV. The Pt metal content in the catalytic samples was verified using
inductively coupled plasma (ICP) spectrometer (Thermo Fischer Scientific iCAP6300 ICP-OES).
Transmission electron microscope (TEM) imaging is performed on TEM Jeol 2010. The images
are analysed using the ImageJ software. The platinum particle size dispersion was determined by
counting around 200 platinum particles per sample, taking into account at least three different areas

of the sample.
2.3. Catalytic activity measurements

The catalytic CO oxidation reaction is carried out in a continuous mode fixed bed set-up
integrated with a U-shaped quartz reactor, furnace, and gas analyser. The length and the diameter
of the reactor bed are 37 and 20 mm, respectively. The temperature of the catalyst bed was
monitored by a thermocouple located next to the catalyst bed. The gas stream from the separator
was discharged through a back-pressure controller that maintained constant pressure of 1.0 MPa.
The total gas flow rate passing through the reactor is always 10 nlh™. Approximately 100 mg of
catalyst powder is placed in the reactor. The catalysts are reduced using 40% H; diluted in He at
200°C with a flow rate of 10 nlh* for a total time of 77 minutes. The light-off experiments for CO
oxidation are performed using a heating ramp of 2 °C/min from room temperature to reaching 300
°C with a plateau of 10 minutes. Each run is repeating three times without any intermediate
treatment. The CO oxidation is performed using 2000 ppm of CO and 3000 ppm of O>. The gases

were analysed using micro-gas chromatography SRA R3000 instrument coupled with a TCD



detector and equipped with two columns, MolSieve5APLOT and Column PLOT U. Each

measurement takes two minutes.

For the thermal stability tests, the pure carbon materials are heated at 10 °C/min, reaching

a temperature of 350 °C in the presence of oxygen (3000 ppm).

3. Results and Discussion

3.1. Structural characteristics of carbon

Carbon materials with different nitrogen and oxygen content are prepared by controlling the
molar ratio of dopants (M: melamine, G: glucose) to phenol (P) in the polymeric resins. In the
following, carbon samples with a ratio of M:P equal to 0.5 and 2 are denoted as LNPC (low
nitrogen-containing porous carbon) and HNPC (high nitrogen-containing porous carbon). Pure
porous carbon is denoted as PC and LNOPC describes porous carbon derived from
(0.25M+0.25G):1 (see also Table 1). Table 1 gives the elemental composition of the different
porous carbonaceous materials determined using CHN analyses. The amount of nitrogen can
indeed be regulated through the addition of a calculated amount of melamine in the polymeric
resin. While the undoped carbon contains only 0.1 wt-% of nitrogen, LNPC contains already 3.0

wt-% and HNPC 8.7 wt-% of nitrogen.

Table 1: Structural properties and elemental composition of carbon materials. M/P indicates the
ratio of melamine and phenol precursor, PV: pore volume, PD: Pore diameter, In/Ig: Intensity ratio

of the D- and G band.



Elemental analysis Raman
SBET PV PD
Sample | M/P N C H o
(m?g?) | (ccg!) | (nm) % In/lg
wt.%) | WE%) | weop) | (wt.%)
PC 0 1081 3.4 13 0.1 94.4 1.0 4.5 1.14
LNPC | 0.5 1107 32 10 3.0 79.9 1.2 15.9 1.04
HNPC |2 1218 3.9 12 8.7 77.8 1.0 12.5 1.09
IéNOP 0.5P 1408 2.4 6.0 |15 76.7 1.4 20.4 1.06

a: Normalized values; B: M/P=(0.25) + G/P=(0.25)

The applied carbonization temperature of 800 °C under nitrogen leads to disordered
amorphous carbonaceous materials, as confirmed by WAXS analysis. The obtained x-ray
scattering patterns of as-synthesized LNOPC, HNPC, LNPC and PC are presented in Figure 1a. A
broad peak at 23.7° and a weaker, broad peak at 43.7° corresponding to the (002) and (100) planes
of graphite lattice is observed for all carbon materials. The inclusion of heteroatoms in the carbon
matrix does not affect the position of both peaks, which is in agreement with the results from Chen
et al.[27] The graphitic nature of the carbonaceous materials is further analysed using Raman
spectroscopy, and the spectra for PC, LNPC, HNPC and LNOPC are presented in Figure 1b.
Distinctive D- and G-bands, located at 1333(+2) and 1578(+3) cm™, are observed in all cases,
representing the disordered structure of graphitized carbons. The D-band signifies defects in the
carbon framework, while the G-band corresponds to the graphitic nature of carbons. Figure 1b
shows that the incorporation of heteroatoms does not affect the position of the two bands. The

intensity ratios of the D-band to the G-band (Io/lg) decrease when adding nitrogen to the porous
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carbon, but is relatively insensitive to the amount of nitrogen added (Table 1). This indicates that

the carbon materials become slightly more graphitic when adding nitrogen.
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Figure 1: Structural characterization of un-doped porous carbon (PC), low nitrogen-doped porous
carbon (LNPC), high nitrogen-doped porous carbon (HNPC) and nitrogen- and oxygen-doped

carbon (LNOPC): a) Wide angle X-ray scattering and b) Raman spectroscopy.

We use colloidal SiO2 (Ludox SM-30) to increase the surface area. The presence of a
disordered pore structure and the amorphous nature of all carbon materials are identified by an
irregular SAXS patterns (supplementary Figure S1). The specific surface area (Sget), pore volume
(PV) and pore diameter (PD) are calculated from N-physisorption desorption branch, and the
measured values for different carbon materials are listed in Table 1. All materials show high
specific surface areas (SSA) above 1000 m?/g, which augments with increasing nitrogen doping
level (LNPC: 1 107 m?/g; HNPC: 1 218 m?/g). The highest SSA is obtained for combined nitrogen

and oxygen doping (LNOPC: 1 408 m?/g). The average PD for the nitrogen doped samples is
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around 12 nm, which is bigger than the size of single silica nanoparticle (8nm), possibly because
of aggregation of the latter. In contrast, the PD for combined nitrogen and oxygen doping is lower
(LNOPC: 6.9 nm). As shown in Figure 2a, nitrogen-doped porous carbon and un-doped porous
carbon materials show typical type IV isotherms with H2 hysteresis loops suggesting the presence
of both micropores and mesopores in graphitized carbons. In comparison, the LNOPC sample
shows a H4 hysteresis loop suggesting possible slit-like pores with voids of irregular shape. The
above-mentioned behaviour indicates that melamine and glucose impact the final material
differently. The pore size distributions are shown in the supplementary Figure S2. For PC, the pore
size distribution is rather wide, whereas for HNPC and LNPC, we observe one distribution around
10 nm and a broader peak starting from 20 nm. Interestingly, LNOPC shows only one pore size
around 10 nm, indicating that glucose impacts the synthesis and resin formation. The porous
structure of carbon materials is further studied using TEM analysis (Figure 2b). The wall thickness
is approximately 1.3 nm, and the measured pore size is in good agreement with that determined

using N2-desorption analyses.
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Figure 2: a) Nitrogen physisorption isotherms of PC, LNPC, HNPC and LNOPC. b) TEM image

of LNPC.

The atomic composition and the chemical bonding within the carbon matrix are further studied
using XPS analysis, examples are shown in Figure 3. As seen, the addition of glucose and/or
melamine does influences the oxygen and nitrogen functionalities. Carbon and oxygen are detected
in the survey scan of LNOPC, HNPC, and PC (Figure 3a). A peak at 400 eV, assigned to N1s, is
clearly visible in HNPC, whereas this peak is notably smaller for LNOPC and PC. The asymmetric
C1s peak observed at a binding energy of 284.4 eV corresponds to the graphitized carbon
(supplementary Figure S3). The deconvolution of C 1s spectrum for PC (Figure 3b) indicates the
presence of four different bands: single bound carbon to oxygen as in ethers and phenols (C-O,
286.1 eV), double-bound carbon to oxygen as in ketones and quinones (C=0, 287.5 eV), carbon
bound to two oxygen atoms as in carboxyl groups, carboxylic anhydrides and esters (-COO, 287.7

eV), and the characteristic shakeup line of carbon in aromatic compounds (n- ©* transition).[32]
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There is a good agreement in the literature on the assignment of the peaks in the N 1s spectra of
HNPC (Figure 3c).[33] Deconvolution gives 41 % of pyridinic N (397.9 eV), 13.5 % pyrrolic or
pyridone N (399.2 eV), 38.0 % of quaternary or graphitic N (400.4 eV) and 7.5 % of pyridine
oxide at 402.5 eV. The fact that N is not directly bound to oxygen, as for example in N=0 bonds
(404-408 eV), shows that nitrogen atoms are bonded with carbon atoms and therefore stabilize the
carbon network. The relative quantities of different energy levels for carbon materials are listed in
supplementary Table S1. As shown in Figure 3d, the deconvolution of the O 1s spectrum in the
case of LNOPC results into three peaks. The peak centred at a binding energy of 531.16 eV is
assigned to carbonyl oxygen (O=C in quinones, ketones and aldehydes), 532.90 refers to ether or
phenol O (C-O-C or C-OH) and the third peak at 535.15 eV is designated as carboxylic 0.[32]
The deconvolution of the C 1s peak of HNPC and LNOPC are given in the supplementary Figure
S4 and Figure S5. The deconvolution of the N 1s peak for PC, LNPC, HNPC and LNOPC are
given in the supplementary Figure S6 and Figure S7. In general, the same species are present in

PC as for the N-doped porous carbons, with one exception, the contribution from pyridine N oxide.
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Figure 3: XPS analysis of different carbonaceous materials. a) survey scan of LNOPC, LNPC,

HNPC and PC b) High-resolution C 1s XPS spectra for PC, c) N 1s XPS spectra for PC, d) N 1s

XPS spectra for HNPC, e) N 1s XPS spectra for Pt/PC and f) N 1s XPS spectra for Pt/HNPC.

In the following, we study the impact of platinum impregnation on the nitrogen bands and vice
versa. Strong interaction between the carbonaceous support and the platinum metal species should
result in band shift of the XPS spectra. Indeed, the peak position of graphitic N and pyridinic N is
shifted upon addition of Pt, as shown in Figure 4. The amplitude of this shift depends on the amount
of N-doping, and is most pronounced for HNPC and Pt/HNPC. In this case, the graphitic N band
is shifted by 1.36 eV to higher energies, and the pyrdinic N band is shifted by -1.24 eV to lower
bands, indicating on the one hand electron transfer from graphitic N to the Pt nanoparticles, and
on the other hand electron withdrawal from the Pt nanoparticles to pyridinic N (electron acceptor).
These results are in good agreement with the literature, where indeed interaction between Platinum
nanoparticles and is described: graphitic N acts as electron donor and pyridinic N as electron
acceptor.[34] This effect is less pronounced for the other carbon materials, probably due to the
lower nitrogen content and the shielding of the nitrogen by the Pt nanoparticles during XPS
analysis. Secondly, we analyse the Pt oxidation state in the different samples after hydrogen
pretreatment. The Pt nanoparticles are in a oxidized state, besides the reduction under hydrogen.
We also observe a slight shift of the Pt4f7 A energy level. Going from Pt/PC to Pt/LNPC and
Pt/HNPC, the energy level decreases from 71.6 eV to 71.4 eV and 71.19 eV, respectively. This
shift to lower energy indicates that the electron donation form graphtic N excels the electron

withdrawing from pryridinic N.

The first observation is a decrease of the N-content, in particular of graphitic N and pyridinic
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N, upon Pt impregnation (see Table S1 and Table S2 for details). For example, HNPC has 2.9 at%
graphitic N and 3.1 at% pyridinic N, while Pt/HNPC has only 2.8 and 2.7 at%. This decrease hints
already towards interaction between nitrogen in the carbon support and the platinum particles, with
preferred position of the Pt nano- particles on the nitrogen edges. The effect is most pronounced
for LNPC, where Pt nanoparticles cover nearly all the nitrogen. To take a closer look at the band
position of the N1S peak, the N 1S XPS spectra of PC, HNPC, Pt/PC and Pt/HNPC are plotted in
Fig. 3cef. Indeed, the peak position of graphitic N and pyridinic N are shifted upon Pt addition.
The amplitude of this shift depends on the amount of N-doping, and is most pronounced for HNPC
and Pt/HNPC. The graphitic N band is shifted by 1.36 eV to higher energies, and the pyridinic N
band is shifted by -1.24 eV to lower energies, indicating on the one hand electron transfer from
graphitic N to the Pt nanoparticles, and on the other hand electron withdrawal from the Pt
nanoparticles to pyridinic N (electron acceptor). These results are in good agreement with the

literature: graphitic N acts as electron donor and pyridinic N as electron acceptor [34]. This effect

is less pronounced for the other carbon materials, in agreement with the lower nitrogen content
and the shielding of nitrogen by the Pt nanoparticles during XPS analysis. Finally, we analyse the
Pt oxidation state in the different samples after hydrogen pretreatment (see Table S2 for details).

The Pt nanoparticles are in anoxidized state, as the band of Pt0 is shifted to higher energy levels

(>71.2 eV), despite the reduction under hydrogen. The reoxidatoin of the Pt particles might also
be due to their small size and exposure to air after reduction and prior to the XPS measurement.
Only for PYLNOPC we do not observe a Pf4f7 A band typical for reduced nanoparticles. The high
oxygen content of this carbon seems to interact with the Pt nanoparticles, leading to oxidized states
only. We also observe a shift of the Pt4f7 A energy level. Going from Pt/PC to Pt/LNPC and

Pt/HNPC, the energy level decreases from 71.6 eV to 71.4 eV and 71.19 eV, respectively. This
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shift to lower energy indicates that the electron donation form graphitic N excels the electron
withdrawing from pryridinic N. Altogether, XPS analysis of the N1s peak and Pt 4f level confirms
interaction between platinum nanoparticles with the carbon support and this interaction is modified

upon the addition of heteroatoms.

3.2. Catalytic performance for CO oxidation

All materials were used as support materials for platinum nanoparticles and tested for CO
oxidation under oxidative conditions. At elevated temperatures and in the presence of oxygen,
carbonaceous materials will degrade. Therefore, it is important to assure that the material is stable
under the employed conditions. Surprisingly, this aspect, especially when carbon-based catalyst
supports are used for oxidation reaction, is rarely discussed. The thermogravimetric weight losses
of PC, LNPC, HNPC and LNOPC as a function of temperature under air are presented in Figure
4. The first weight loss between 50°C and 120°C is likely due to the removal of water and surface
adsorbates. A noticeable weight loss in the case of the porous carbons begins from approximately
150 °C and increases further with rising temperatures. The incorporation of heteroatoms in the
carbon matrix improves the oxidation stability of doped materials when compared to the pure
carbon, PC. The corresponding mass losses for PC, LNPC, HNPC and LNOPC between 150 and
400 °C are 13.4, 3.1, 6.0 and 3.9 %. These measurements indicate that LNPC is the thermally most
stable material in air up to 450 °C. This result is in good agreement with recent literature, reporting
that a nitrogen content higher than an optimal value promotes the carbon oxidative
gasification.[27] In order to assess the impact of Pt on the thermogravimetric stability,

thermogravimetric analysis of the materials with and without platinum was carried out for PC and
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LNPC (Figure S8). Indeed, the presence of platinum decreases the stability under air slightly.

However, the materials remain stable until 300°C, well above CO oxidation temperature.

The thermal stability of carbon materials in the presence of oxygen (3000 ppm) is also
examined through monitoring CO2 and CO production, (supplementary information Figure S9 and
S10). The obtained results are in good agreement with the TGA analysis. Non-doped carbon PC
starts to produce CO and CO from 150°C, and is less stable at higher temperatures (200°C —
350°C) when compared with the doped materials. For better comparison, the CO2 and CO values
emitted at 300°C for carbon materials are tabulated in the supplementary Table S2. The insertion
of heteroatoms improves the thermal oxidative stability of carbon. Indeed, PC emits considerably
more CO and CO; compared to LNPC, HNPC and LNOPC. The lowest values for emitted CO and
CO: are observed for LNPC and HNPC. When adding O- and N- heteroatoms simultaneously as

in LNOPC, intermediate values for CO and CO- are obtained.

Next to the thermal stability in air, also the thermal behaviour of different carbon materials
under hydrogen atmosphere is of importance because the Pt nanoparticles deposited on carbon are
reduced in hydrogen at 200 °C for 60 minutes before CO oxidation. All carbon materials are stable
under the conditions used for reducing the supported Pt catalysts, as hydrogen consumption of the

pure carbons starts only above 650 °C (see Figure S 11).
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Figure 4: Thermogravimetric analysis under air, heating rate 5 °C/min.

All carbon supports are impregnated with 1 wt. % Pt (see experimental section), with
subsequent evaluation of the metal content using ICP-OES. The Pt concentration on PC, LNPC,
HNPC and LNOPC is 1.04, 0.94, 0.91 and 1.07 wt.%, which confirms a successful impregnation
of Pt on the supports with the desired amount of platinum. Prior to the first cycle of CO oxidation,
all catalysts are pre-treated under 40% H.. The second and third consecutive cycles (all up to
300°C) are carried out without intermediate regeneration in order to test the stability of the
materials. Figure 5e shows the CO oxidation curves of the first cycle for 1 wt. % Pt on PC, LNPC,
HNPC and LNOPC and Figure 5f the corresponding reaction rates. The temperatures required for
CO conversion of 10 % (T10), 20 % (T20) and 50 % (Tso) are tabulated in the supplementary
information Table S3. The T1o, T20and Tso values are the lowest in the case of LNOPC, followed
by PC, LNPC and HNPC supported catalysts. Cycling of the catalyst indicates that T1o, T20, Ts0

and even T1oo Values, in the case of PC as support, lower as shown in Figure 5a. Considering the
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thermostability of the PC (Figure 4 and Figure S9 and S10), it is not certain that the observed lower
CO conversion temperature upon cycling is only related to a better catalytic performance or
partially due to actual degradation of the material. For the nitrogen-doped carbon species, cycling
is rather stable (Figure 5b-d), which goes along with a better thermostability. For the most
performing catalyst, Pt/LNOPC, we carried out five consecutive CO oxidation light off curves
(Figure 5 d). The catalyst is nearly stable after the first run, with only slight changes in the catalytic

performance for the subsequent runs.

All carbon materials are analysed also after the catalytic test in order to assess the structural
and compositional differences after CO oxidation. The WAXS pattern after three cycles of CO
oxidation are shown in Figure S13. The relative height of the (002) and (100) peaks remains
basically unchanged. The most significant change of the carbonaceous materials during CO
oxidation is the specific surface area (Table S4). Even though the decrease in the specific surface
area of at least 50 m?/g is quite important for all carbonaceous materials, the materials maintain
high surfaces areas above 700 m?/g. The changes in the specific surface area go along with a
change in the pore size distribution (see Figure S13). In particular, for PC we observe that the
bimodal pore size distribution is reduced to a monomodal distribution centred around 9 nm,

indicating a partial collapse of the carbon structure.
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Pt/LNPC and d) Pt/LNOPC, e) CO conversion of the first cycle for the different carbon supports,

f) rates of the first cycle for the different carbon supports.

TEM analysis (Figure 6) of at least 250 particles at three different sample areas gives a platinum
particle size of roughly 1 nm (see Table S4) after test for LNPC, HNPC and LNOPC. Only for PC
the particle size is with 3.8 nm significantly higher, which motivated us to verify the particle size
prior to the catalytic test for this sample and one representative N-doped porous carbon, in this
case LNPC. Indeed, the particle size of PC is 1.1 nm prior to the test and 0.95 nm for LNPC, so
the platinum particle size is rather similar prior to the catalytic test. The increase of the platinum
particle size for Pt/PC after reaction might also explain the better performance upon cycling. It has
been shown in the literature that supported platinum nanoparticles show structure sensitivity for
CO oxidation under oxidative conditions, with bigger particles (2-3 nm) showing better

performance than smaller particles.[35]

These results indicate a trade-off between performance (e.g. Pt/PC reacts at lower
temperature than Pt/N-doped PC) versus stability (N-doped carbons preserve their performance
upon cycling). To further address the question of performance and stability, stability tests under
reactive conditions were carried out for Pt/PC, Pt/LNPC and Pt/HNPC. Figure S12 shows the CO
oxidation at 100% conversion for Pt/PC, Pt/LNPC and Pt/HNPC. Even though all materials are
stable for 800 minutes, the performance of Pt/PC decreases after this time, while Pt/LNPC and
Pt/HNPC remain stable throughout the measured time. Despite the performance at lower

temperature, PC is less stable and possibly experiences structural fracture under oxidation reaction

23



conditions. This is further confirmed by elemental analysis of the spent catalysts (see Table S4).

Indeed, the amount of oxygen is strongly increased for PC, while the content of N,

C, - and O remains stable for LNPC, HNPC and LNOPC. The available literature suggests that the
nitrogen doping in the carbon matrix increases the number of anchoring sites and strengthen the

interaction between the metal catalyst and support.[12,36] As evident from Figure 5c and

06 08 1.0 12 14 16 18
particle size / nm

14
particle size / nm
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Figure 6 HRTEM images of Pt/PC before (a) and after (b) CO oxidation and of Pt/LNPC before (c) and after (d) CO

oxidation. Pt particles are seen as darker points (green circles). Inserts show the Pt particle size distribution.

5d, nitrogen doping in the carbon framework enhances significantly the stability of catalyst
throughout the three reaction cycles, at the expense of a performance at higher temperature. The
stability of the material is also reflected in the platinum nanoparticle size after the catalytic testing.
Indeed, for nitrogen-containing carbonaceous materials, the platinum size stays around 1.1 nm.
Though it is shown that nitrogen incorporation in the carbon support affects the binding of Pt with
support,[12] the amount of N-doping needs to be optimized to give the best performance of the

final catalyst.

We further investigate the impact of oxygen species, along with nitrogen, in the carbon
framework as CO oxidation catalyst. The CO oxidation light-off curves for three reaction cycles
using P/LNOPC are shown in Figure 5d and the T1o, T20, Tso and T1oo Values are listed in Table
S2. The inclusion of oxygen species in nitrogen-doped carbon is rather beneficial for the
performance of platinum catalysts. Although the presence of oxygen moieties positively affects
the performance of platinum nanoparticle catalyst, it is worth noticing that LNOPC is slightly more
unstable than LNPC as confirmed from thermal analysis (Figure 4 and supplementary information
Figure S9 and S10). The production of CO. under oxygen at 250 °C from LNOPC (159 ppm) is
slightly higher than that of LNPC (77 ppm). The importance of oxygen species has also been
described in the literature. One of the reasons for the lower performance of pure g-CsN4 supported
metal catalysts is the absence of oxygen moieties in the support.[13,37] Our results are in
agreement with the reported studies,[13,27,38] showing that Pt/LNOPC presents better catalytic

performance than Pt/LNPC, and is relatively stable during the three reaction cycles.
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4. Conclusion

Improved metal-support interactions and oxidative thermal stability of porous and/or doped
carbons are highlighted through the current study, making these materials interesting catalyst
supports for e. g. the oxidation of carbon monoxide. The boosted stability of Pt supported carbon
catalysts under oxygen reaction atmosphere can be related to the controlled doping of nitrogen in
the carbon framework. The nitrogen incorporation affects the physicochemical properties of
carbon and its interaction with the Pt catalyst. When the Pt catalyst is supported on LNPC and
HNPC, the stability of the Pt nanoparticles is significantly improved and can be effectively utilised
for 3 reaction cycles. However, CO conversion takes place at higher temperature compared to
Pt/PC. When adding small amount of oxygen to the nitrogen-doped carbon, an optimized system
with respect to performance and stability is obtained, pointing towards a trade-off between stability
and performance. This is possibly the first time that carbon-supported noble metal catalysts are
used for multiple reaction cycles, which demonstrates the potential future of carbon-based catalytic
materials for air depollution process at an intermediate temperature range (up to 250°C), next to

application in depollution via adsorption.

Supporting Information. The following files are available free of charge.

Small angle x-ray scattering of the carbon materials, Pore size distribution, XPS analysis,
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thermogravimetric analysis, stability tests, H>-TPR, Table of CO conversion at T1o, T2o, Ts0, T100

T2o, elemental analysis after catalytic test (Supporting Information, PDF)
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