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Sustainable N-doped carbon aerogels were synthesized by a
scalable hydrothermal approach using low-cost and abundant
precursors such as glucose and ovalbumin. By adjusting the
pyrolysis temperature (900–1500 °C), the surface chemistry,
porosity and conductivity of these aerogels could be optimized
for the design of Pt-based oxygen reduction reaction (ORR)
catalysts with high Pt loading (40 wt% Pt) and improved
stability. Pt nanoparticle deposition was realized by wet
impregnation followed by thermal reduction and their size and
distribution was found to strongly depend on the surface
chemistry of the carbon aerogels. The catalysts’ activities and
stabilities, determined by rotating disc electrode measurements
in HClO4, were found to strongly depend on the pyrolysis

temperature of the N-doped carbon aerogel supports. While
the mass activity decreased with increasing temperature, in line
with a decreasing ECSA related to an increase in Pt nanoparticle
size, the long-term stability of the catalysts, as revealed by
accelerated stress tests for carbon support degradation (10,000
cycles), increased with increasing pyrolysis temperature, in line
with increasing Pt nanoparticle sizes and increasing graphitiza-
tion of the carbon aerogel supports. Most importantly, the
catalyst derived from aerogels pyrolyzed at 1000 °C achieved a
good compromise between activity and stability and revealed a
superior ORR activity after the accelerated stress test in
comparison to a commercially available Pt/C reference catalyst
(40 wt% Pt).

Introduction

In polymer electrolyte fuel cells (PEMFC), composed of an anode
and a cathode separated by a polymer electrolyte membrane,
power is generated by the electrochemical oxidation of hydro-
gen (H2) at the anode and the electrochemical reduction of
oxygen (O2), from air, at the cathode. In theory, the only
reaction product is water (H2O) in case catalysts are employed
favoring a 4-electron transfer pathway. This technology thereby
allows a clean production of electrical energy with respect to a
sustainable future.[1]

The most active and hence commercially employed electro-
catalysts for PEMFCs are to date still based on Platinum-Group-
Metal (PGM) nanoparticles (mostly platinum-based) supported
on porous and conductive carbon materials.[2] The catalytic
activity for the oxygen reduction reaction (ORR) of carbon
supported platinum nanoparticles has thereby been demon-
strated to depend on particle size and inter-particle distance.[3]

Further it was shown, that the mass activity is maximized for
platinum nanoparticles with sizes between 3 and 5 nm.[4] The
main limiting factor for such carbon supported platinum-based
nanocatalysts is however their limited lifetime under operation,
especially at the cathode side.[2] Catalyst degradation processes
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include coalescence, dissolution and even detachment of
platinum nanoparticles from the support, as well as electro-
chemical corrosion of the carbon support itself; all leading to a
decrease of electrochemically active surface area (ECSA) of
platinum.[5,6]

To minimize these degradation processes, strategies such as
advantageous nanostructuring[7,8] and graphitization of the
carbon support[9] can be employed in order to favor high
dispersion and physical confinement of the Pt-based catalyst
nanoparticles as well as to increase support stability against
carbon corrosion. In addition, improving the dispersion and
surface attachment/anchorage of the Pt nanoparticles onto the
carbon support can also improve the stability of the resulting
catalyst. In that context, it was shown, that the presence of
certain N-functional groups such as pyridinic functionalities can
work as anchoring points for Pt atoms thereby improving the Pt
dispersion and Pt nanoparticle resistance against agglomeration
and coalescence.[10–12] Furthermore, such N-containing func-
tional groups can also have a positive effect on the ionomer
distribution at the catalyst surface, an activity determining
parameter for membrane-electrode-assemblies (MEA) in
PEMFCs.[13]

State-of-the-art carbon supports for automotive fuel cell
applications are carbon blacks, e.g. Vulcan®XC-72R or Black
Pearls® (Cabot Corporation) and Ketjenblack® (Nouryon Chem-
icals B. V.).[14] Beyond these “conventional” carbon blacks, a
large variety of different carbon supports, which meet the
criteria of high surface area and porosity[15] as well as sufficient
conductivity and corrosion stability for ORR, are known in
literature: nanostructured carbon materials, like carbon
nanotubes,[16–18] carbon nanofibers,[19,20] carbon aerogels[21,22] as
well as mesoporous N-doped carbons[7,13] have been demon-
strated suitable supports for platinum(-alloy)/carbon catalysts
with higher ORR activities and/or stability than conventional Pt/
C catalysts.

An elegant and sustainable class of materials among
existing carbon support materials are nitrogen-doped carbon
aerogels produced via hydrothermal carbonization.[23–25] Hydro-
thermal carbonization (HTC) is a process for the production of
functional carbon materials starting from biomass or biomass-
derivatives in a bio-refinery concept. Biomass or biomass-
derivatives are thereby converted under pressure and elevated
temperature in an aqueous environment into carbonaceous
precursor materials. Pyrolysis under inert atmosphere of these
precursor materials further induces carbonization and/or
graphitization (depending on the pyrolysis temperature and
type of precursor), thereby allowing to adjust the materials
chemistry and properties, e.g. sp2-C content, conductivity,
surface area, pore volume as well as surface functionalities.[26]

Applications of HTC-derived carbon materials range from
heterogeneous catalysis,[27–29] e.g. fuel conversion[30–32] and
electrocatalysis[33,34] to energy storage.

A simple one-pot synthesis of nitrogen-doped hydrothermal
carbon aerogels (N-HTC), synthesized from glucose in the
presence of a protein (ovalbumin), was first reported by White
et al.[35] Due to the presence of ovalbumin, acting both as
nitrogen source and as structure directing/surface stabilizing

agent during the hydrothermal carbonization process, a cross-
linked filigree carbonaceous gel structure is formed. Careful
drying of the gel by freeze-drying or CO2-supercritical drying
allows to remove the solvent in the gel yielding carbonaceous
aerogels with coral like nanostructures. Wohlgemut et al. and
Brun et al. tested similar types of N-HTC aerogel materials as
platinum-free catalysts for the oxygen reduction reaction
(ORR).[36,37] Compared to commercial platinum-based catalysts,
the activities and stabilities of these catalysts did however not
achieve the required performance for PEMFC (acidic medium).
However, these N-HTC aerogels showed improved performance
(especially in alkaline medium) for the ORR compared to
previously reported platinum-free electrocatalysts.

Despite their promising properties, such as high surface
area, open porous structure and tunable N-surface chemistry, all
important parameters possibly influencing the dispersion,
particle size and stability of Pt-nanoparticles under electro-
chemical conditions, these types of biomass derived N-HTC
aerogels have, to the best of our knowledge, so far not been
investigated as support materials for Pt-based ORR electro-
catalysts.

By taking advantage of the structural properties of these N-
HTC aerogels combined with a thorough fine tuning by
different thermal treatments of their surface chemistry, crystal-
linity, conductivity and wettability, we could develop Pt/N-HTC
ORR electrocatalysts with high Pt loading (40 wt%) exhibiting
improved long-term stability in acidic medium. The best Pt/N-
HTC electrocatalyst designed thereby outperformed a commer-
cial reference Pt/C electrocatalyst with the same Pt loading
(Pt40/C, QuinTech) over 10,000 cycles accelerated stress test
addressing carbon support corrosion.

Besides support design, we also thoroughly investigated
platinum nanoparticle deposition onto these various N-HTC
aerogels and systematically investigated the influence of
morphology, surface area, pore and Pt nanoparticle character-
istics on the electrocatalytic activity and stability of the resulting
Pt/N-HTC electrocatalysts in order to identify activity and
stability determining parameters in these catalysts. For this, the
influence of various temperature treatments on the N-HTC
supports were studied to develop a sustainable and simple
method for fine tuning activity and stability determining
parameters in these catalysts, such as N-HTC surface area, pore
size, crystallinity and elemental composition (bulk and surface),
as well as platinum nanoparticle size and dispersion.

Results and Discussion

Based on a synthesis route initially described by White et al.[35]

and adapted by some of us for Pd/N-HTC hydrogenation
catalysts,[26] nitrogen-doped carbonaceous aerogels (N-HTC)
with coral like nanostructures were synthesized in a hydro-
thermal approach using glucose and ovalbumin as carbon
precursor and nitrogen source/structure directing agent, re-
spectively. To optimize the structural and physiochemical
properties of these N-doped hydrothermal carbon aerogels
(N-HTC) as supports for Pt-based ORR electrocatalysts, these
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were pyrolyzed at different temperatures under inert atmos-
phere (900 °C, 1000 °C and 1500 °C). The resulting samples (N-
HTC-PT, with PT being the pyrolysis temperature) were structur-
ally characterized with regard to the pyrolysis temperature and
changes in porosity, elemental composition, surface functional-
ization, crystallinity/structure and conductivity. Together, these
crucial support properties influenced the Pt nanoparticle
deposition/formation by wet impregnation/reduction as well as
the ORR activity and stability of the resulting Pt/N-HTC-PT
electrocatalysts.

Influence of carbonization/graphitization temperature

Synthesis of carbon materials was done starting from green and
sustainable precursors, glucose and ovalbumin, in a hydro-
thermal carbonization approach. After careful drying of the raw
product, to preserve the filigree structure, a second temper-

ature step under inert atmosphere with different pyrolysis
temperatures was performed (see Figure 1).

The morphology of the N-HTC-PT carbon support materials
pyrolyzed at 900 °C, 1000 °C and 1500 °C, respectively, resem-
bles a typical coral-like aerogel structure, as revealed by
scanning electron microscopy; results, which are in line with the
previous report of White et al.[35] A detailed SEM character-
ization of the N-HTC-P900, P1000, P1500 is shown in Figure 2
and in the electronic supporting information (ESI, Figure S1).
One can see an open porous aerogel structure with large
macro- and mesopores composed of highly percolated coral
like elongated carbon nanostructures. Advantageously, the
morphology of the samples carbonized/graphitized at higher
temperature remains unchanged by the temperature treatment.
In contrast to a commercial carbon support often used in
electrocatalysis, e.g. Vulcan®XC-72R (Figure 2d and ESI, Fig-
ure S1), which has a spherical particulate structure with a mean
primary particle size of approximately 50 nm, the N-HTC
materials itself has an open, mesoporous, percolated structure.

The porous properties of the N-HTC supports, including the
Brunauer-Emmett-Teller (BET) surface area, pore volume and
pore size distribution were determined via N2-physisorption
measurements at 77 K (see ESI, Figure S2). In good agreement
with literature, the surface area first increases with pyrolysis
temperature from 172 m2 g� 1 for the crude product (i. e. after
the hydrothermal carbonization) to 295 m2 g� 1 and 305 m2 g� 1

after pyrolysis at 900 °C and 1000 °C, respectively. For an even
higher pyrolysis temperature, i. e. 1500 °C, the surface area
decreases to 166 m2 g� 1. All N-HTC samples exhibit a relatively
similar pore size distribution (see ESI, Figure S3) in line with
their morphology. The QSDTF computations show a very broad
pore size distribution with a maximum at 1 nm located in the
micropore range. Mostly mesopores between 2 and 30 nm
contribute to the total pore volume, while the volume fraction
of micropores is rather small (see ESI, Figure S4). With increasing
pyrolysis temperature, the total pore volume first increases in
line with BET surface area, while for higher pyrolysis temper-
ature (>1000 °C) most of the micropores are lost; presumably a
result of a structural collapse.

The elemental bulk composition of the synthesized N-HTC
materials was determined via elemental combustion analysis (C,
H, N, S) and the results are summarized in Table 1. The oxygen
content was calculated by assuming that the residual wt% after
subtraction of the C, H, N, S wt% is ascribed to oxygen. For the
crude N-HTC carbon the chemical bulk composition consists of

Figure 1. Synthesis scheme of the hydrothermal carbonization of glucose
and ovalbumin to a nitrogen-doped hydrothermal carbon (N-HTC) support.

Figure 2. SEM micrographs of N-doped hydrothermal carbon aerogel
supports treated at 900 °C (a), 1000 °C (b) and 1500 °C (c) and SEM micro-
graph of a commercial carbon support Vulcan®XC-72R (d).

Table 1. Surface area, total, meso- and micropore volume of the N-doped hydrothermal carbon aerogels before and after temperature treatment at 900 °C,
1000 °C and 1500 °C (N-HTC-PT with T=pyrolysis temperature), as well as elemental composition determined via thermal combustion analysis.

Sample [a]SBET/
m2 g� 1

[b]Vtot/
cm3 g� 1

Vmeso/
cm3 g� 1

Vmicro/
cm3 g� 1

C/
wt%

N/
wt%

H/
wt%

S/
wt%

[c]O/
wt%

C/N

N-HTC 172 0.61 0.58 0.03 60.4 5.4 5.8 0.9 27.5 11.2

N-HTC-P900 295 0.48 0.40 0.08 86.9 3.3 1.3 0.1 8.4 26.3

N-HTC-P1000 305 0.56 0.43 0.13 87.3 2.0 1.1 0.1 9.5 43.7

N-HTC-P1500 166 0.17 0.16 0.01 98.3 0.2 0.1 – 1.4 492.0

Vulcan®XC-72R 240 0.36 0.28 0.08 98.1 – – 0.4 1.5 –

[a] The surface area was determined with use of the Brunauer-Emmett-Teller (BET) theory. [b] Pore Volumes were calculated using quenched solid density
functional theory (QSDFT). The micropore fraction <2 nm. [c] The residual wt% after subtraction of the C, H, N, S wt% was ascribed to oxygen.
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60 wt% carbon, more than 5 wt% of nitrogen and nearly
30 wt% of oxygen. While for the synthesized samples at 900 °C
and 1000 °C a considerable amount of nitrogen functional
groups (3.3 wt% and 2.0 wt%, respectively) is still present, there
is almost no nitrogen found in the sample pyrolyzed at 1500 °C
and the material is composed of >98 wt% of carbon.

The surface composition of the N-HTC-PT samples was
further investigated by XPS (see Table 2). Survey XPS spectra
(Figure 3a) revealed the presence of three main elements
including carbon (C1s), oxygen (O1s), and nitrogen (N1s) as
well as some minor traces of sulfur (S2p, see ESI Figure S5). In
line with the results obtained from elemental analysis, the
increase in pyrolysis temperature (from 900 °C to 1500 °C)
reduces the amount of nitrogen and oxygen also at the surface
of the N-HTC materials. Similar behavior has been observed for
PANI-derived mesoporous nitrogen doped carbon nanospheres
(MPNC) pyrolyzed at similar temperatures.[38] Figure 3b shows
the C1s detail spectra for Vulcan®XC-72R and for the N-HTC-PT
samples carbonized at different temperatures. The C1s spectra
can be fitted with five peaks each. The asymmetric shape of the
C1s peak at 284.5 eV (violett component in Figure 3b) corre-
sponds to the C=C environment with sp2-hybridization.[39] The
C2 narrow peak at 285 eV can be assigned to sp3-hybridized
carbon (C� C/C� H).[39] The peak around 286.5 eV (C3, green
peak) was attributed to C� O and/or C� N (pyrolic) environments.
The peak centered at 288.6 eV (C4, blue peak) can be ascribed
to a mix of carbon environments including C=N (pyridinic),
N� C=O and C=O functionalities.[35,40] Finally the C5 peak (pink
component) at around 291 eV was attributed to π-π* shake-up
contributions. This satellite corresponds to the excitation of the

π-π* transition by the outgoing photoelectron from unsatu-
rated carbons in C=C double bonds.[41]

In line with the results from elemental analysis, one can see
that for increasing pyrolysis temperature, the C2, C3, C4 and C5
contributions decrease until they nearly completely disappear
for the highest pyrolysis temperature of 1500 °C, indicating the
defunctionalization of the N-HTC-PT surface for increasing
pyrolysis temperatures.

To gain a more differentiated picture of the N-HTC-PT
surface, the O1s and N1s spectra were also analyzed.

The O1s spectra (Figure 3 c) were fitted by three contribu-
tions accounting for oxygenated species present at the N-HTC
surface. The peak observed at 530.6 eV (O1, purple component)
was attributed to N� C=O species, while the other two peaks
(O2 and O3, dark and light blue) at 532.5 eV and 536 eV were
attributed to the O=C/C� OH environment of oxygen (O2, dark
blue component),[42] and the presence of surface adsorbed
water molecules (O3, light blue component), respectively.[43]

What can clearly be seen, is that the O1s contribution, related
to N� C=O environments, is disappearing for increasing pyrolysis
temperatures; result, which is in line with the C1s data and the
loss of N observed in elemental analysis. This is further
confirmed by looking at the N1s spectra presented in Figure 3d.
While the peak at 398.3 eV (N1, light green) is attributed to N=C
environments of pyridinic nitrogen, the peak centered at 401 eV
(N2, dark blue) is attributed to quaternary nitrogen.[44] Another
peak centered at 404 eV (N3, dark green) can be assigned to
various oxidized nitrogen configurations like pyridine-N-
oxide.[45] In line with the C1s and O1s spectra discussed
previously, one can again see a defunctionalization of the N-
HTC surface with increasing pyrolysis temperature (the amount

Table 2. XPS results of N-HTC-PT samples and Vulcan®XC-72R reference carbon support.

Sample C/at% N/at% O/at% S/at%

N-HTC-P900 93.0 3.5 3.4 0.1
N-HTC-P1000 95.0 1.8 3.1 0.1
N-HTC-P1500 97.4 0.9 1.7 –
Vulcan®XC-72R 99.1 – 0.6 0.3

Figure 3. Survey (a), C1s (b) and O1s (c), and N1s (d) XPS spectra of N-HTC-PT samples at different temperature (900 °C, 1000 °C and 1500 °C, respectively) and
Vulcan®XC-72R. The S2p detail spectrum is shown in the ESI.
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of nitrogen left on the N-HTC surface is below 1 at%), with
pyridinc nitrogen being the most stable nitrogen functionality
at 1500 °C; result which is in line with the NEXAFS results (vide
infra).

For comparison a commercially available reference carbon
material, namely Vulcan®XC-72R, was also analyzed. The survey
scan revealed a much higher carbon surface composition
(99.1 at%) when compared to the N-HTC-PT materials (93.0 at%,
95.0 at% and 97.4 at% for T=900, 1000 and 1500 °C) and in line
a lower amount of heteroatoms such as O (0.6 at%) and S
(0.3 at%). Notably the Vulcan®XC-72R did not feature any N on
its surface.

Further investigation of the surface chemistry of the N-HTC
supports was done by Near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) (Figure 4). By analyzing the C K-edge
(Figure 4a), an insight into the sp2-C content of the materials
can be obtained.[7,46] Highly ordered pyrolytic graphite (HOPG)
served as reference material containing 100 at% of sp2-C
carbon. The spectrum of HOPG shows the typical π* resonance

at 285.8 eV (C1s!π*), characterizing the C=C bond in the π-
conjugated C-ring system of graphite.[47] Additionally, above
292 eV, σ* resonances (C1s!σ*) at 292.5, 297.8, 303.5, and
307.5 eV are visible.[48] For the N-HTC-PT materials pyrolyzed at
T = 900 and 1000 °C the π* transition (258.8 eV) is clearly
visible, but with a smaller relative intensity, compared to HOPG.
For the higher graphitized sample N-HTC-P1500, in addition to
the π* transition (258.8 eV), the fine structure between 292 eV
and 310 eV (σ* resonances) is more pronounced which indicates
a higher sp2-C content. By correlating the π* peak intensities of
the N-HTC-PT materials with the π* peak intensity of HOPG, the
sp2-C content accounts for 64, 67 and 92 at% for N-HTC-P900,
N-HTC-P1000 and N-HTC-P1500, respectively. This demonstrates
as expected an increase of the sp2-C content with increasing
carbonization temperature in the N-HTCs and is in line with
previously reported PANI-derived carbons.[38] For Vulcan®XC-72R
an sp2-C content of 80 at% was determined and by analyzing
the N K-edge NEXAFS spectra (Figure 4b) of the N-HTC-PT
samples N-HTC-P900 and N-HTC-P1000 (containing nitrogen
groups, as proven by EA and XPS) the type of N-functionalities
was determined. The peaks at 398.8 eV, 400.4 eV and 401.8 eV
can be assigned to pyridinic, amino and pyrrolic and/or
graphitic (quaternary) type N-groups, respectively.[49] Thereby,
the relative intensity of the peak at 401.8 eV attributed to
graphitic N-groups is higher for the sample pyrolyzed at 1000 °C
than for the sample pyrolyzed at 900 °C, demonstrating the
prevalence of graphitic N for higher temperature as this type of
N is most stable;[7] result, which is in line with the XPS results
(vide supra).

Visualization of the carbon microstructure was done by HR-
TEM (see Figure 5). For the N-HTC temperature series (Fig-
ure 5a–c) an increase of crystallinity, i. e. an increase in

Figure 4. NEXAFS spectra C K-edge (a) and N K-edge (b) of N-HTC-PT samples
pyrolyzed at different temperatures T=900, 1000, 1500 °C as well as of
highly ordered pyrolytic graphite (HOPG).

Figure 5. TEM micrographs of N-HTC-PT supports pyrolyzed at different temperatures T=900 (a), 1000 (b), 1500 °C (c) and of a commercial Vulcan®XC-72R
reference support (d).
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extension and stacking of graphene -like planes, is clearly visible
for higher pyrolysis temperatures. In comparison, the Vul-
can®XC-72R material (Figure 5d) evidences a comparable exten-
sion and stacking of graphene-like planes as observed for the
N-HTC-P1500 sample. These findings are in line with the
NEXAFS results (vide supra).

Further investigations by Raman spectroscopy corroborate
these findings (Figure 6 and ESI, Figure S6 and S7). For all
samples a broadened Raman signal is observed when compared
to graphite, indicating larger amounts of amorphous carbon
and the presence of defects in the carbon structure.[50] Only for
the N-HTC-PT sample prepared at a higher pyrolysis temper-
ature of 1500 °C a clear difference in the Raman spectra can be
observed when compared to the N-HTC-PT samples pyrolyzed
at lower temperatures (i. e. 900 and 1000 °C) and Vulcan®XC-
72R. The D(1)-band (1345 cm� 1) and G band (1580 cm� 1) are
sharpened and the 2D-band (2400–3000 cm� 1), assigned to a
second-order Raman band, indicate a higher graphitization
degree.[51,52]

The Raman spectra of the N-HTC-PT materials were fitted
assuming a 5-band model with mixed Gaussian/Lorentzian
peaks (see ESI, Figure S4). For highly disordered carbon nano-
materials, additionally, to the G-band (lattice vibration mode of
E2g symmetry of the perfect hexagonal lattice of graphite) and
D1-band (vibration mode of A1g symmetry of disordered graph-

itic lattice) three other D-bands at 1210 cm� 1 (D4), 1530 cm� 1

(D3) and 1604 cm� 1 (D2) can be denoted.[52] Even though, a
quantitative analysis of the amorphous content and in-plane
crystallite length is difficult,[52-54] the fit results (see ESI, Fig-
ure S5) show, that for the N-HTC-PT materials the deconvoluted
peak areas of the D3- and D4-band, assigned to amorphous
carbon[52] and trans-polyacetylene-like chains at layer edges,[54,55]

respectively, decreases, whereas the D1-, D2- and G-band peak
area increases for a higher carbonization/graphitization.

X-Ray diffraction was used to evaluate the crystallinity of
the N-HTC-PT materials (see Figure 7a). For all N-HTC-PT
materials, three features can be seen in the XRD patterns, which
can be attributed to the (002), (100)/(101) and (110) reflections
of hexagonal graphite (P63/mmc). With increasing pyrolysis
temperature these reflections become more pronounced and
slightly sharper, showing an increase in crystallinity of the
carbon phase, especially for the N-HTC-P1500 sample.

To further investigate the crystallinity/ordering in the
samples in a more quantitative manner, X-ray scattering
measurements were performed, and atomic pair distribution
functions G(r) derived (Figure 7c). For all carbon samples,
oscillations are observed within the pair distribution functions
with maxima at r(Å) values close to the values expected for
interatomic distances in hexagonal graphite. Moreover, the
extension of these oscillations is increasing with increasing

Figure 6. Raman spectra (a) of the N-HTC-PT materials, Vulcan®XC-72R and Graphite as reference. The spectra were fitted with five bands, as described
previously and exemplarily shown for N-HTC-P1000 (b). The fitting results are shown in (c) and additional fitting results are presented in ESI.

Figure 7. Powder diffraction measurements of the N-HTC-PT samples and Vulcan®XC-72R (a), pressure-dependent electrical conductivity of the various carbon
materials (b) and radial distribution functions (c).
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pyrolysis/graphitization temperature and reflects the extension
of the graphitic / ordered crystallites / domains which is found
to account for 10.0, 11.1 and 18.6 Å for N-HTC-P900, N-HTC-
P1000, N-HTC-P1500, respectively. Hence, for the N-HTCs, the
size of the graphitic crystallites was found to increase with
increasing pyrolysis/graphitization temperature in accordance
with the HR-TEM and Raman spectroscopy data presented
previously (vide supra). For Vulcan®XC-72R an extension of
14.8 Å, in between the values found for N-HTC-P1000 and N-
HTC-P1500, was determined.

The increase in graphitization and/or sp2-C content in the N-
HTC materials cannot only be seen in the microstructure of the
supports but also influences macroscopic properties, like the
electrical conductivity. Determination of the electrical conduc-
tivity was performed under various degrees of powder
compression (governed by different loads, see experimental
part for details), as the conductivity of such powders is highly
dependent on the contact/percolation existing between the
powder particles and the settled apparent density.[56] Therefore,
the electrical conductivity increases with increasing load and
hence compressive pressure.[57] For the synthesized N-HTC-PT
samples and the Vulcan®XC-72R material the electrical con-
ductivity was found to increase in the order N-HTC-P900<N-
HTC-P1000<Vulcan®XC-72R<N-HTC-P1500 (see Figure 7b).
These findings match with the increasing sp2-C content and the
increasing crystallite size determined by NEXAFS and total
scattering analysis (vide supra).

Platinum nanoparticle deposition

Platinum nanoparticles (with a Pt mass loading of approx.
40 wt%) were deposited onto the N-HTC-PT samples pyrolyzed
at different temperatures with T = 900, 1000 and 1500 °Cvia
wet impregnation/reduction (see Table 3). For this purpose, a
platinum (IV) precursor solution was impregnated onto the N-
HTC-PT support followed by reduction in hydrogen gas at
100 °C (for details see experimental part).

The wet deposition/reduction process leads to crystalline
Platinum nanoparticles (fcc lattice, see Table S11 in the ESI for
refined parameters), as determined by X-ray diffraction (ESI,
Figure S10). All samples consist of very small and finely
distributed Pt nanoparticles on the N-HTC-PT supports along
with larger agglomerates, as determined from XRD and TEM
measurements (Figure 8 and ESI, Figure S8). The size of the
platinum nanoparticles formed on the N-HTC-PT supports with
T=900, 100 and 1500 °C increases with increasing pyrolysis

temperature from (2.4�0.6) nm over (2.9�1.0) nm to (3.4�
0.9) nm, respectively, as determined via TEM (as summarized in
Table 3< tabr3). Rietveld refinement of the XRD pattern was
performed to determine the Pt crystallite size within all samples.
The respective diffractograms were analyzed by assuming the
presence of two platinum phases with distinct crystallite sizes,
meaning a bimodal distribution of the Pt nanoparticles (see ESI,
Figure S10). Consistent with the TEM evaluation, the Rietveld
refinement results show an increase in Pt crystallite size with
increasing pyrolysis temperature of the respective carbon
support (see Table 3), with the smallest particles obtained for
the N-HTC-P900 sample and the largest particles obtained for
the N-HTC-P1500 sample. As in all cases, the same reduction
temperature was used and similar surface areas and pore
volumes are given for the different N-HTC-PT samples, we
attribute the stabilization of smaller Pt nanoparticle sizes on the
N-HTC-P900 support to the higher N-content (of 3.3 wt%),
presumably resulting in a better anchoring of the Pt precursor
as well as of the formed Pt nuclei and final Pt nanoparticles
after reduction. In comparison to a commercially available
Pt40/C reference fuel cell catalyst with a Pt loading of 40 wt%

Figure 8. TEM micrographs of the different Pt-based catalysts analyzed in
this study: Pt40/N-HTC-P900 (a), Pt40/N-HTC-P1000 (b), Pt40/N-HTC-P1500 (c)
and Pt40/C (d).

Table 3. Properties (BET surface area, pore volume and Nitrogen content) of the carbon support materials and respective Platinum mass loading
(determined by TGA) and Pt NP sizes (determined via TEM) as well as Pt crystallite sizes (determined by XRD) with atomic fraction of the phase of the Pt40/
N-HTC-PT catalysts (with T=900, 1000 and 1500 °C) and a commercial Pt40/C reference catalyst.

Sample SBET/m
2 g� 1 Vtot/cm

3 g� 1 NEA/wt% LPt/wt% dTEM/nm dXRD #1/nm dXRD #2/nm

Pt40/N-HTC-P900 295 0.48 3.3 42.1 2.4�0.6 2.9 67 % 6.7 33%
Pt40/N-HTC-P1000 305 0.56 2.0 39.7 2.9�1.0 4.0 68% 8.2 32%
Pt40/N-HTC-P1500 166 0.17 0.2 40.0 3.4�0.9 4.4 69% 8.8 31%
Pt40/C 240 0.36 – 41.5 3.1�0.7 2.4 100% – –

ChemElectroChem
Articles
doi.org/10.1002/celc.202101162

ChemElectroChem 2021, 8, e202101162 (7 of 13) © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 23.12.2021

2124 / 229314 [S. 4841/4847] 1



supported on Vulcan (see ESI, Figure S9) and Pt nanoparticle
sizes of (3.1�0.7) nm and crystallite sizes of 2.4 nm (determined
via Rietveld refinement), the determined Pt particle/crystallite
sizes for the Pt/N-HTC-PT materials are in a similar range.
However, while the Pt nanoparticles on the Pt/N-HTC-PT are
bimodal and also form in some cases larger agglomerates, the
Pt nanoparticles in the Pt40/C reference catalyst feature a
monomodal crystallite size distribution as determined by XRD.

Performance in electrocatalytic oxygen reduction – activity
and stability

Electrochemical evaluation of the oxygen reduction reaction
(ORR) activity and stability of the three Pt40/N-HTC-PT catalysts
with T=900, 1000 and 1500 °C was carried out with a rotating
disc electrode (RDE) setup with cyclic voltammetry and linear
sweep voltammetry measurements for all three prepared
catalysts and compared to the commercially available Pt/C
reference catalyst (40 wt%, Pt on Vulcan, QuinTech). To
simulate the long-term stability, especially in terms of carbon
corrosion, accelerated stress tests (AST) were applied and the
ORR activity was determined initially and after potential cycling.
The AST were adapted from the Department of Energy (DoE)
fuel cell targets and are designed to evaluate the corrosion of
catalyst supports.[58] The recorded CVs and LSVs are summarized
together with the determined activities (mass and specific)
before and after AST cycling in Figure 9. The CVs show the
characteristic features for platinum in aqueous 0.1 M HClO4

electrolyte (pH 1) for all tested samples. The electrochemical
active surface area (ECSA) for the Pt40/N-HTC-PT catalysts

decreases with increasing pyrolysis temperature of the support
from 51 m2gPt

� 1 for Pt40/N-HTC-P900 to 35 m2gPt
� 1 and

26 m2gPt
� 1 for Pt40/N-HTC-P1000 and Pt40/N-HTC-P1500, re-

spectively. The decrease in ECSA can be explained by the
increase in Pt nanoparticle/nanocrystallite size determined by
TEM and XRD (vide supra) as well as by the appearance of larger
agglomerates, both reducing the catalytically active surface
area. The ECSA of the commercially available Pt40/C reference
catalyst (QuinTech) of 46 m2gPt

� 1 is somewhat smaller than the
ECSA of the Pt40/N-HTC-P900 electrocatalysts (51 m2gPt

� 1),
which, despite the smaller crystallite size determined by XRD
and equivalent particle size (determined by TEM), is in line with
the Pt nanoparticle agglomerates (seen in TEM) and the
respective surface area of the support.

The onset potential of all catalyst (see experimental part)
was determined to be at 0.95 V vs. RHE. The resulting ORR
activities (specific and mass activity) were determined at 0.9 V
vs. RHE (see experimental part for methodology). In terms of
specific activity (SA), which is the kinetic ORR current
normalized to the ECSA, in other words the ORR activity
normalized to the real surface area of the Pt nanoparticles, one
can see that it increases with increasing pyrolysis temperature
of the N-HTC-PT supports (Figure 9). The SA thereby increases
from 0.29 mA/cm2

Pt for Pt40/N-HTC-P900 over 0.31 mA/cm2
Pt for

Pt40/N-HTC-P1000 to 0.35 mA/cm2
Pt for Pt40/N-HTC-P1500. As

for increasing pyrolysis temperature the Pt nanoparticle sizes
were found to increase, we can correlate the increase in specific
activity in the Pt40/N-HTC-PT series with the increase in particle
size. This result is in line with the ORR specific activity being
particle-size-dependent and increasing with particle size.[3,4,59]

Previous studies showed, that smaller Pt nanoparticles have a

Figure 9. CVs (a), LSVs (b) as well as derived electrochemical active surface area (ECSA) (c), mass activity (MA) (d) and specific activity (e) for all three
Pt40/N-HTC-PT electrocatalysts with T=900, 1000 and 1500 °C and a Pt40/C reference catalyst from QuinTech before and after AST cycling.
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higher ECSA, as shown before, but a lower SA, which is
increasing for larger particles. From all investigated catalysts,
the Pt40/C reference catalyst has the lowest specific activity
(0.26 mA/cm2

Pt), which can be attributed to the fact that all the
Pt40/N-HTC-PT catalysts have larger particle / crystallite sizes. In
addition, a superimposing positive influence of the N-content
on the specific activity can be a plausible explanation for the
observed increase in specific activity, at least for the Pt40/N-
HTC-P900 and Pt40/N-HTC-P1000 samples, which have a non-
negligible amount of N at the samples surface. However, all in
all, the specific activities of the investigated catalysts are in a
similar range.

The mass activity determined at 0.9 V vs. RHE (see
experimental part for methodology) decreases with increasing
pyrolysis temperature of the support, i. e. from 0.15 AmgPt

� 1 for
Pt40/N-HTC-P900 over 0.11 AmgPt

� 1 for Pt40/N-HTC-P1000 to
0.09 AmgPt

� 1 for Pt40/N-HTC-P1500; results, which are in line
with the decreasing ECSA values and increasing particle/
crystallite sizes observed previously. In comparison, the com-
mercially available Pt40/C catalyst from QuinTech reached a
mass activity of 0.12 AmgPt

� 1. As such the best performing
catalyst among the Pt40/N-HTC-PT catalysts (in terms of mass
activity), i. e. Pt40/N-HTC-P900, has a higher ORR mass activity
than the commercially available reference catalyst in acidic
media. We attribute this increased mass activity to (i) the higher
ECSA of the Pt40/N-HTC-P900 catalyst, i. e. a higher Pt
dispersion and (ii) to the high N-content of the N-HTC-P900
carbon support. More precisely, the Nitrogen-doping has an
undeniable role in the formation and size-control of the Pt
nanoparticles formed on the N-HTC-PT supports, ensuring a
more homogenous distribution of the platinum-salt precursor
and hence “anchoring” on the support. As such, the N-content
governs the obtained nanoparticle size and thereby “indirectly”
the initial ORR activity of the Pt40/N-HTC-PT catalysts. In
addition, a direct electronic effect of the N-functionalities on
carbon supports on the ORR activity of Pt/N� C catalysts[53, 60-62]

cannot be excluded and may also contribute to the observed
higher initial mass activity.

To investigate the stability of the Pt40/N-HTC-PT catalysts in
comparison to the Pt40/C reference catalyst, accelerated stress
tests (AST) designed for support corrosion (following DoE
protocols) were performed and the ECSA and ORR activity (MA
and SA) were evaluated. After 10,000 potential cycles (between
1 and 1.5 V vs. RHE in N2 saturated electrolyte, support
corrosion AST) the Pt40/N-HTC-PT catalysts showed an im-
proved stability in terms of ECSA, mass activity and specific
activity compared to the Pt40/C reference catalyst (Figure 9).
While the ECSA of the Pt40/C reference catalyst decreased by
17%, the ECSA of the Pt40/N-HTC-P900 decreased by only 14%.
An even smaller decrease of ECSA of only 6% and 4% was
observed for the Pt40/N-HTC-P1000 and Pt40/N-HTC-P1500
catalysts, exhibiting a higher graphitization of the carbon
support. These results clearly evidence the beneficial effect of
the support graphitization on the electrochemical stability. In
terms of mass activity, a severe decrease by 33% was observed
for the Pt40/C reference catalyst. While an even more
pronounced decrease by 47% was observed for the Pt40/N-

HTC-P900 catalyst, the higher graphitized Pt40/N-HTC-P1000
and Pt40/N-HTC-P1500 catalysts hardly lost any activity (<
10%). Similar results are obtained in terms of specific activities.
To summarize, the comparison of ECSA and ORR activity values
(mass and specific) before and after AST clearly demonstrate
that the higher graphitization of the N-HTC-PT supports
contributes to an increased long-term stability of the Pt-based
catalysts, probably as a result of a higher support stability
against carbon corrosion. These results are in line with previous
works, demonstrating an improved electrochemical corrosion-
resistance of carbon materials, like Vulcan®XC-72R and Ketjen-
black, with a higher graphitization or temperature
treatment.[63,64] It is also important to note, that catalysts with a
smaller ECSA and larger Pt nanoparticle/crystallite sizes are
more stable against degradation,[65,66] which is also the case for
the samples studied here. The increased stability of the Pt40/N-
HTC-PT with T>900 °C is therefore most probably a combina-
tion of particle size effects and support effects, i. e. increasing Pt
nanoparticle/crystallite sizes as well as increased graphitization,
respectively. Correlations between activity and stability and
particle size, ECSA as well as N-content, BET surface area of the
supports and carbonization/graphitization on the ORR activity
and stability are summarized in correlation plots in the ESI
(Figure S11 and Figure S12). In any case, while the Pt40/N-HTC-
P900 catalyst outperforms the Pt40/C reference catalyst in terms
of mass and specific activity, the more graphitized catalysts
Pt40/N-HTC-P1000 and Pt40/N-HTC-P1500 outperform the Pt40/
C reference catalyst in terms of stability, with Pt40/N-HTC-P1000
achieving a good balance between both beginning of life
activity and long-term stability. As such, by fine-tuning the
physicochemical properties of our N-HTC-PT aerogel supports
(by high temperature pyrolysis), we could engineer both the Pt
nanoparticle size distribution as well as the corrosion stability of
our supports and thereby fine-tune the ORR activity as well as
stability of the resulting Pt40/N-HTC-PT electrocatalysts. This
result is especially significant, since we are working with rather
high Pt loadings on the carbon support (40 wt%), relevant for
real fuel cell applications.[67]

Conclusion

In this work we synthesized and optimized nitrogen-doped
hydrothermal carbon aerogels (N-HTC) as “sustainable” support
materials for the design of platinum-based oxygen reduction
(ORR) electrocatalysts in acidic media. The aerogel synthesis
was based on an easy one-pot hydrothermal synthesis route,
starting from green precursors such as glucose and ovalbumin,
followed by a subsequent carbonization step, allowing to fine
tune the physicochemical properties of the carbon materials in
terms of their elemental/surface composition, porosity, carbon-
ization/graphitization and conductivity. Platinum nanoparticles
(40 wt%) were deposited by simple wet impregnation/reduc-
tion and it was revealed that the support N-content as well as
surface area had a major influence on the Pt nanoparticle size
and dispersion in/on the support. The Pt40/N-HTC-PT catalysts
were evaluated by RDE towards their activity and stability (in
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carbon corrosion accelerated stress tests (AST)) for the ORR in
acidic media (i. e. 0.1 M HClO4). We could thereby reveal that
(i) a higher N-content and smaller particle size is beneficial for
the mass activity of the catalyst while (ii) a higher graphitization
is required for extended stability. After optimization, the newly
designed Pt40/N-HTC-P1000 catalyst exhibited a comparable
mass activity to a commercial Pt40/C (Pt 40 wt% on Vulcan,
QuinTech) reference catalyst (0.11 AmgPt

� 1 vs. 0.12 AmgPt
� 1,

respectively), but outperformed the reference catalyst in long
term stability (0.10 AmgPt

� 1 vs. 0.08 AmgPt
� 1after AST, respec-

tively). While the Pt40/C catalyst lost more than 30% in terms of
ECSA, mass activity and specific activity during AST, the Pt40/N-
HTC-P1000 catalyst retained more than 90% of its ECSA, mass
activity and specific activity. This effect was attributed to (i) a
partial nitrogen-doping of the carbon surface, acting as
anchoring sites for the Pt nanoparticles, and (ii) a higher
graphitization degree of the N-HTC support. The increased
stability is most probably a combination of the mentioned
particle size effects and support effects. As such, N-HTC carbon
aerogels are, after fine tuning of their physicochemical proper-
ties by pyrolysis, promising supports for the design of
supported electrocatalysts.

Experimental Section

Synthetic procedures

All chemicals were used as received. For the synthesis and washing
procedures when using deionized water, solely ultra-pure water
(resistivity approx. 18.2 MΩcm at 25 °C, ELGA LabWater) was used.
All gases used (Ar, N2, O2, N2/H2) were of purity grade 5.0
(Sauerstoffwerk Friedrichshafen GmbH).

Synthesis of crude hydrothermal carbon

The nitrogen-doped hydrothermal carbon materials (N-HTC) were
synthesized following a procedure reported by White et al.[35]

Glucose (1.5 g) and ovalbumin (0.3 g) were dispersed in water
(13.5 mL) in a glass tube, subsequently placed in a Teflon-inlet lined
45 mL steel-autoclave and heated to 180 °C for 4.5 h using a
heating furnace. After cooling down to room temperature, the
autoclave was removed from the heating furnace, opened and the
formed carbonaceous gel-type monolith was isolated and washed
in excess first with water and second with ethanol. A subsequent
solvent exchange from ethanol to water was performed in order to
freeze-dry (� 110 °C, 0.1 mbar) the crude product for 24 h to
sublimate the solvent, while preserving the filigree coral-like
aerogel structure.

Synthesis of carbonized N-HTC materials

In a typical batch size, 200 mg of raw product were put in a ceramic
combustion boat (Carl Roth) and then placed in a quartz tube
under inert (N2) atmosphere. Prior to carbonization the atmosphere
in the tube was exchanged with N2 by sequentially applying
vacuum and flushing N2 gas for three times, followed by continuous
N2 purging for 2 h. The samples were then carbonized in a tubular
oven (Linn High Therm GmbH) for 4 h (10 Kmin� 1) at 900 and
1000 °C, respectively. To synthesize the sample at 1500 °C, the
sample pre-treated at 900 °C was graphitized (1500 °C, 2 h,

5 Kmin� 1) in a glassy carbon crucible (SIGRADUR®, HTW Hochtem-
peratur-Werkstoffe GmbH) in an Astro-oven (Astro-oven, Thermal
Technology Inc.) under a constant Ar flow (50 mLmin� 1). Sample
names are abbreviated as N-HTC-PT, with N-HTC standing for
nitrogen-doped hydrothermal carbon and T standing for the
carbonization or graphitization temperature (T=900/1000 or
1500 °C), respectively.

Synthesis of Platinum/N-HTC materials

The Pt/N-HTC catalysts were prepared by wet impregnation. In a
typical experiment N-HTC (20 mg) was suspended in a mixture of
deionized H2O and iPrOH (300 μlmg� 1, 1 : 1, v : v) and H2PtCl6 · 6 H2O
(35.4 mg, 0.07 mmol, AlfaAesar, Premion® 99.999%) resulting in a
platinum loading of 40 wt%. After mixing with a horn sonicator
(40% amplitude, 20 min, Branson) at 0 °C, the sample was freeze-
dried (� 110 °C, 0.1 mbar) to remove the solvent. The Platinum (IV)
precursor was then reduced under N2/H2 (10 vol.%) in a tubular
oven (Carbolite GmbH) at 100 °C (2 h, 10 Kmin� 1) and afterwards
cooled to room temperature under nitrogen atmosphere. Sample
names are abbreviated as Pt40/N-HTC-PT, with Pt40 indicating the
platinum loading of 40 wt% on the carbon support and T indicating
the pyrolysis temperature.

Physical characterization

Electron microscopy

Scanning electron microscopy (SEM) micrographs of the prepared
Pt/N-HTC materials were recorded with a FEG-HRSEM SU8220
(Hitachi) microscope (20 kV). High-resolution Transmission electron
microscopy (TEM) micrographs were recorded with a Talos 200X
(ThermoFisher) operated at an acceleration voltage of 200 kV. All
measurements were done using copper grids, coated with a thin-
film of amorphous carbon on which a small amount of sample was
deposited.

N2 physisorption measurements

Surface area, pore volume and pore size distribution were
determined from N2 physisorption isotherms obtained at 77 K with
a Quantachrome Autosorb using the Brunauer-Emmett-Teller (BET)
theory and quenched solid density functional theory (QSDFT),
respectively.

Elemental composition

The C, N, H, S bulk composition was determined via quantitative
sample combustion analysis at 1150 °C with a Vario MICRO Cube
system (Elementar Analysesysteme GmbH, Germany).

X-ray photoelectron spectroscopy (XPS)

XPS spectra were aquired with a Thermo Scientific K-alpha+

spectrometer. The samples were analyzed using a microfocused,
monochromated Al Kα X-ray source (400 μm spot size). The
monochromatic Al Kα line was used as X-ray excitation (1486.6 V)
with a pass energy of 50 eV to obtain high resolution spectra. The
XPS spectra were fitted with one or more Voigt profiles (with a
binding energy uncertainty of �0.2 eV) and Scofield sensitivity
factors were applied for quantification.[68] All spectra were refer-
enced to the C1s peak (C� C, C� H) at a binding energy of 285.0 eV.
Accuracy of binding energy was thereby controlled by means of

ChemElectroChem
Articles
doi.org/10.1002/celc.202101162

ChemElectroChem 2021, 8, e202101162 (10 of 13) © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 23.12.2021

2124 / 229314 [S. 4844/4847] 1



the photoelectron peaks of metallic Cu, Ag, and Au, respectively. In
addition carbon (C1s) spectra were recorded at the beginning and
after each analysis, to exclude any sample degradation under
irradiation.

Near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy

NEXAFS measurements were performed at the He-SGM beamline at
BESSYII (Helmholtz-Zentrum Berlin, Germany),[69] except for N-HTC-
P1500 which has been measured at the X-Treme Beamline at the
Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland).[70]

The samples were pressed in Indium-foil and measured in the
beam at an angle of incidence of 55° using linearly polarised
radiation. C and N K-edge spectra of the samples were measured in
partial electron mode at counter voltages of 150 kV and 250 kV,
respectively. The effect of carbon contamination at the beamline
optics was taken into account by dividing the raw data by a
spectrum of a freshly sputtered Au foil. Furthermore, the data were
normalized to an edge jump of 1. The sp2-C content of the sample
was estimated by comparing the π* peak intensity at 285.6 eV,
normalized to the area between 290.5–305 eV, with a 100% sp2-C
reference material, i. e. highly ordered pyrolytic graphite (HOPG).

X-ray diffraction (XRD) and Rietveld refinement

The XRD characterization of the N-HTC carbon supports pyrolyzed
at different temperatures and of the resulting Pt/N-HTC catalysts
were measured in glass capillaries (diameter 0.5 mm, Hilgenberg) in
a Debye-Scherrer geometry. Measurements were performed using a
STOE diffractometer with a Cu-Kα1 radiation (λ=0.15417 nm,
40 kV, 30 mA) and a Ge (111) monochromator. The X-ray gun was
operated at 40 kV and 30 mA. The diffractograms were recorded
from 10° to 106° (2θ) using a step width of 0.5° and a step time of
120 s. For Rietveld refinements the FullProf software (Version 6.30 –
Sep2018-ILL JRC) was used.[71]

Raman microscopy

Raman microscopy measurements were executed with a Senterra II
system (Bruker). The Raman spectra were obtained by excitation
with a laser (532 nm) operated at approximately 2.5 mW. The
detector was a Peltier-cooled charge coupled device camera, and
the spectral resolution was set to 4 cm� 1. The measurements were
performed with a ×50 ULWD objective and a 200 μm confocal
aperture. Curve fitting was performed with the software Origin. An
accurate fitting of the Raman spectra was done by the consid-
eration of five bands (G-band at ~1580 cm� 1, D1-band at
~1345 cm� 1, D2-band at ~1604 cm� 1, D3-band at ~1530 cm� 1 and
D4-band at ~1210 cm� 1) as described in detail elsewhere.[52]

Total scattering analysis

Total scattering measurements were performed at the beamline
P02.1 at PETRA III, DESY.[72] Therefore, all samples were filled into
soda glass capillaries (Hilgenberg) with a diameter of 0.8 mm and a
wall thickness of 0.01 mm. The intensities of the scattered X-rays
were detected using a PerkinElmer XRD1621 flat panel detector at a
sample detector spacing of 336 mm and an X-ray wavelength of
0.2073 Å. The detector was calibrated using a LaB6 (NIST 660b)
standard. In order to reduce the two-dimensional (2D) images of
the scattered X-ray events to one-dimensional (1D) scattered
intensity data the DAWN software package[73] was used. For further
data processing the software pdfgetX3[74] was used. The structure

function S(Q) was obtained from the intensity of the scattered X-
rays by subtracting an empty capillary measurement and further
corrections for Compton scattering, self-absorption and multiple
scattering. The reduced pair distribution function G(r) was gen-
erated from S(Q) by Fourier transformation.

Electrical conductivity

The electrical conductivity of the N-HTC supports pyrolyzed at
different temperatures was measured in all cases for the same
amount of powder (5 mg), which was placed between two freshly
polished copper stamps (i. e. after removal of the surface oxide
layer) with an area ACu of 39.7 mm2 (rCu =3.55 mm). Thereby, the
thickness t of the pressed powder layer between the stamps was
determined to 0.6 mm and 0.38 mm for all applied pressures for
the N-HTCs and the Vulcan®XC72R sample, respectively. For various
weight loads, 7.5 kg, 14.3 kg and 20.4 kg, corresponding to
respective pressures of 1.86 MPa, 3.54 MPa and 5.05 MPa, the
resistivity R was determined while applying a current of 1 A
between the copper stamps. The electrical conductivity σ then
equates to:

s ¼ t=ðACu � RÞ, ½s� ¼ S m� 1 (1)

Electrochemical characterization

The electrochemical experiments were carried out with a rotating
disk electrode (RDE) setup (636A Rotator, AMETEK SI) operated with
a Gamry Interface 1000 potentiostat/galvanostat. In a custom made
three-compartment cell, a platinum mesh was used as a counter
electrode, a reversible hydrogen electrode (RHE, Hydroflex®,
Gaskatel GmbH) was used as reference electrode and the prepared
catalyst ink was deposited on a glassy carbon (GC) disk electrode
(diameter 5 mm, areageo 0.196 cm2), which serves as working
electrode, respectively. The catalyst ink was prepared by dispersing
the 40 wt% Pt/N-HTC or carbon catalysts (3.00 mg) in a mixture of
deionized H2O (1990 μL) and iPrOH (500 μL). The ionomer Nafion™
(10 μL, 5 wt% solution in a mixture of lower aliphatic alcohols and
water, Sigma-Aldrich) was added and the mixture was homogen-
ized with a horn sonicator (40% amplitude, 20 min, Branson) at
0 °C. Afterwards the ink (10 μL) was drop-cast on a freshly mirror
polished (with alumina polishing solutions, diameter 1.0 and
0.05 μm, Buehler) GC rotating disk electrode and the film was dried
in air at room temperature under rotation (400 rpm), resulting in a
homogenous thin-film with a platinum loading of LPt =

25 μgPt cmgeo
� 2. All experiments were conducted in freshly prepared

0.1 M HClO4 (Sigma-Aldrich). The cyclic voltammetry (CV) and
accelerated stress test (AST) measurements (carbon support
corrosion) were performed in N2 saturated electrolyte. When
saturating with gases (N2 or O2, both 5.0) the electrolyte was
purged for 30 min and a top-flow during measurements was
maintained to avoid any change in gas-saturation. Prior to catalyst
ORR testing the catalyst were conditioned by CV from 0.05 to 1 V
vs. RHE until a steady state was reached (100 cycles, 100 mVs� 1). To
determine the electrochemical active surface area (ECSA) another 5
scans at lower scan rates (20 mVs� 1) were conducted. The hydrogen
underpotential area (HUPD) between 0.09 and 0.40 V vs. RHE was
used to calculate the related charge (QH) to this process which was
then used to calculate the ECSA taking the theoretical value for the
adsorption of a hydrogen monolayer on a polycrystalline Pt disk
electrode (QH

theo =210 μCcm� 2)[75] and the Pt electrode loading (mPt)
into account:
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ECSA ¼ ðQH=ð210 � 104 � mPtÞÞ � 10� 1, ½ECSA� ¼ m2 gPt
� 1 (2)

Afterwards the ORR activity was determined. This was done by
recording linear sweep voltammograms (LSV) in O2 saturated
electrolyte. The LSV were performed under rotation at 1600 rpm in
an anodic direction (from 0.1 to 1.1 V vs. RHE with 5 mVs� 1). For
evaluation, recorded background LSV in N2 saturated electrolyte at
the same scanning speed were subtracted from the original
measurements. All data were iR corrected by measuring the ohmic
resistance. The onset potentials for the ORR were determined at the
intersection of two applied tangents (0.90 and 1.05 V vs. RHE) from
the recorded LSV curves. The mass activities (MA) were determined
at 0.9 V vs. RHE, like described elsewhere:[76]

MA ¼ ððI0:9V � I0:4VÞ=ðI0:4V� I0:9VÞÞ � ð1=mPtÞ, ½MA� ¼ A mgPt
� 1 (3)

When comparing the different catalysts, the activity was also given
with regard to the real platinum surface, i. e. the ECSA, determined
electrochemically as previously described (vide supra). The specific
activity (SA) then calculates as follows:

SA ¼ 100 � ðMA=ECSAÞ, ½SA� ¼ mA cmPt
� 2 (4)

The catalyst stability was determined through AST protocols which
meet the requirements of the Department of Energy (DoE). For
degradation of the carbon support 10,000 cycles from 1.0 to 1.5 V
vs. RHE (at 500 mVs� 1) were conducted. To determine changes in
the ECSA after 10, 100, 1000, 2000, …, 10,000 cycles, standard CV
measurements (vide supra) were measured. Before and after the
AST measurements the ORR activities were determined, as
described before.
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