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Metal-nitrogen-carbon (M-N-C) compounds such as Fe-N-Cs are
currently the most promising platinum group metal free catalysts for
oxygen reduction. Regarding the overriding goal of reducing PEM
fuel cell production costs by reducing the amount of platinum, the
use of Fe-N-Cs as catalytic active support is investigated in this
study. Activity and stability of Pt in different contents on a
commercial Fe-N-C is compared to Pt on a typical carbon black. Pt
nanoparticles are well-distributed on both support classes. However,
electrochemical surface and mass activity of Pt is lower on Fe-N-C
compared to carbon black. Although Pt does not profit in any
catalytic matter from interaction with Fe-N-C, the Pt/Fe-N-C in total
has a boosting effect on ORR activity being important for future
strategies to lower the Pt content in PEM fuel cells.

Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are recognized as one of the renewable
energy converters in portable, automobile, and stationary applications. Currently, both low
temperature (LT) and high temperature (HT) PEMFCs use platinum group metal (PGM)
based catalysts for oxygen reduction reaction (ORR) containing usually Pt nanoparticles
on carbon black. To reduce the total cost of PEMFC stack, worldwide researchers have
considerable attention to find an inexpensive alternative catalyst. Recently, metal-nitrogen-
carbon (M-N-C) compounds such as Fe-N-Cs are the most promising PGM-free catalysts
for ORR. However, they suffer from insufficient volumetric activity and electrochemical
stability in PEMFCs (1, 2). Xiao et al. have proven an improved electrochemical stability
of Pt-Fe-N-C electrocatalysts consisting of atomically dispersed Pt and Fe atoms or Pt-Fe
alloy nanoparticles in comparison with Fe-N-C only (3). Mechler et al. have reported that
the addition of 1-2 wt.% Pt in hybrid Pt/Fe-N-C catalyst performs well with an increased
stability in LT-PEMFCs (4). Liao et al. have recently shown better ORR activity of
Pt/Fe-N-C than Pt/C (5).

With the goal of reducing LT- and HT-PEMFC production costs, Pt/Fe-N-C activity
and stability with systematically reducing the Pt-content has not been investigated yet. In
this study, Pt/Fe-N-C hybrids are synthesized using PMF-011904 from Pajarito Powder
(USA) as catalyst support and wet-chemically precipitated Pt nanoparticles with targeted
Pt-contents of 40, 5 and 1 wt%. To identify the effect of Fe-N-Cs as support, Pt/C catalysts
are synthesized in the same way using Black Pearls® 2000 (C) from Cabot (United States).
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First, ICP mass spectrometry is used for Pt quantification along all catalysts, and
transmission electron microscopy (TEM) is carried out to investigate morphology and Pt
nanoparticle diameter and distribution on the Fe-N-C and C support, respectively. Second,
mass activity (MA) of ORR is investigated by rotating disc electrode (RDE) experiments
in 0.1 mol L' HCIO4, and the electrochemical surface area (ECSA) of Pt is calculated by
hydrogen underpotential deposition and CO stripping voltammetry. Last, accelerated stress
testing (AST) is performed with 5000 triangle potential cycles between 0.6—1.5 VRrug to
evaluate the catalyst stability.

Experimental Part

Catalyst Synthesis

Catalyst supports in this study are Black Pearls® 2000 (C) from Cabot (United States)
and PMF-011904 from Pajarito Powder (United States). Both supports were used to deposit
Pt nanoparticles in targeted contents of 1 wt%, 5 wt% and 40 wt% each. The synthesis of
Pt nanoparticles and their deposition were according to literature (6-8). 692 mg of
H>PtClex6H,0 from Alfa Aesar (United States) were put in 88 mL of ethylene glycol from
Carl Roth (Germany). 12 mL of a NaOH ethylene glycol mixture in a concentration of
2 mol L' were added to reach an alkaline environment. The mixture was stirred for 4 h at
140 °C to precipitate the nanoparticles. To deposit 40 wt% platinum on the support then,
19.5 mL of nanoparticle suspension were mixed with 40 mL of HCI in a concentration of
1 mol L and centrifuged for 10 min at 7000 rpm to separate the nanoparticles. Afterwards,
particles were washed three times by using fresh HCI solution, and centrifugation was done
again. After dispersing the particles in acetone, 60 mg of support was added. To reach the
further Pt contents of 1 wt% and 5 wt%, the amount of added support was adapted in
appropriate way. The mixture was then sonicated in a sonification bath until complete
acetone evaporation. The final catalyst was dried under vacuum overnight, washed with
ultrapure water and dried a second time under vacuum overnight.

Physical Characterization

For TEM the appropriate catalyst powder was dispersed in ethanol, and 5 pL of the
dispersion was then dropped onto a copper grid from Plano (Germany) consisting of 200
meshes and being coated with carbon/formvar. Microscopy was then performed using the
EM 902A device from Carl Zeiss (Germany) with a tungsten cathode and a CCD camera
and an acceleration voltage of 80 kV. The Pt nanoparticle diameter was measured using
the ImageJ software and averaged using at least 300 particles.

For inductively coupled plasma mass spectrometry (ICP-MS) 2 mg of catalyst powder
was stored overnight in 1.6 mL concentrated HCI from Carl Roth (Germany) and 1.3 mL
concentrated HNO; from Carl Roth (Germany) to dissolve platinum. Then, the mixture
was filtered and diluted using 2 wt% HNO;j to reach a final volume of 250 mL and the final
acidification with nitric acid. Lu ICP standard from Carl Roth (Germany) was added to a
final internal standard concentration of 1 mg L. Pt calibration solutions containing 100,
200, 300, 400, 600 and 800 pg L' were prepared using a Pt ICP standard from Carl Roth
(Germany). The measurement was performed using the XSeries2 device from Thermo
Fisher Scientific (Germany). During calibration a correlation factor of at least 0.999 was
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ensured, and signal intensities of the '4Pt, '%3Pt and '"°Pt isotopes were used to calculate
the Pt concentrations.

Electrochemical Characterization

To electrochemically characterize and compare the catalysts of this study RDEs with a
glassy carbon disc consisting of an area of 0.2475 cm? from Pine were used in a three-
electrode setup. While the reference electrode was the reversible hydrogen electrode (RHE)
of the type HydroFlex from Gaskatel (Germany), a platinum wire was used as counter
electrode. This three-electrode setup was connected to the Autolab PGSTATI28N
potentiostat from Metrohm (Germany) equipped with the Nova 2.1 software to perform
electrochemical measurements of three identically prepared RDEs for each catalyst.

Therefore, these electrodes were polished through aluminum oxide particle suspensions
of the type MicroPolish 40-10081 from Biihler (Switzerland) with particle diameters of
1.00 pm first and 0.05 um second and then coated with appropriate catalyst inks. These
inks consist of 6 mg of catalyst powder, 1.99 mL H>O, 0.5 mL 2-propanol and 20 pL of
5 wt% Nafion® in aliphatic alcohol and water dispersion from Sigma Aldrich (Germany).
To achieve a homogenous suspension inks were sonicated for 15 min in a sonication bath
and by horn-sonication for 4 min (intervals of 30 s switched on and 30 s switched off). A
volume of 10.3 puL of ink was dropped on the RDE which was then rotated using 700 rpm
for drying and final coating with 100 pg cm™ of total catalyst amount to keep the coating
amount constant independent of the Pt content in the different catalysts. Perchloric acid
from Sigma Aldrich (Germany) in a concentration of 0.1 mol L' presented the electrolyte
during these measurements. Measurements were then carried out using the same following
procedure.

First, the electrolyte was rinsed with N> for 15 min for saturation. Second, cyclic
voltammetry (CV) at 0.05-1.20 Vrue with a scan rate of 0.5 V s™! was performed until a
steady-state was achieved. Third, the initial characterization was done. This included three
CV curves at 0.05-1.05 Vrue with a scan rate of 0.05 V s™! to determine the ECSA later
and further three CV curves at 0.05-1.15 Vrug with a scan rate of 0.005 V s! to carry out
capacitive background corrections later. After CV, CO stripping voltammetry was carried
out. Therefore, the electrolyte was purged with CO for 1 min and with N2 for 20 min during
applying a constant potential of 0.15 Vrug to record afterwards a CV curve at
0.05-0.3 Vrue with a scan rate of 0.05 V s°'. This verified complete Pt surface poisoning.
Then, the actual CO stripping took place by CV at 0.15-1.05 Vrug with a scan rate of
0.05 Vs'. After CO stripping, electrochemical impedance spectroscopy recorded at
0.5 Vraue in range of 100 kHz-0.1 Hz was applied to measure the electrolyte resistance. For
following ORR, the electrolyte was rinsed with Oz for 20 min followed by recording three
CV curves during rotation using 1600 rpm. CV was performed at 0.05-1.15 Vrug with a
scan rate of 0.005 V s,

After this initial characterization, the electrolyte was rinsed again using N> for 20 min
to apply an accelerated stress test (AST). This included 5000 cycles between 0.6-1.5 VruE
with a scan rate of 0.5 V s°!. Last, the characterization above was repeated at the end of the
procedure to assess catalyst degradation or stability. ECSAs and mass activities were
calculated by considering the three identically measured electrodes in each case according
to our previous studies (9, 10).
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Results and Discussion

Physical Characterization

Figure 1 depicts TEM images of the six catalysts with different Pt contents in
comparison. Due to low Pt contents the 1 wt% and 5 wt% Pt catalysts mainly show the
carbon supports under the microscope, whereas the 40 wt% Pt catalysts show well-
distributed Pt nanoparticles on the supports. This verifies sufficient interaction of the Pt
nanoparticles with the support in both cases. Next to distributed Pt nanoparticles
differences in carbon support morphologies become visible. While Black Pearls (C) consist
of the typical carbon particles with diameters of 10-40 nm resulting in larger aggregates,
PMF (Fe-N-C) has a more visible inner-porous structure.

1 wt% Pt/Fe-N-C S Wit% Pt/Fe-N-C

Y.

(1

— —
100 nm ¥ 100 nm

Figure 1. TEM images of catalysts with different Pt contents.

Table I shows the Pt content of all catalysts analyzed by ICP-MS and the averaged
diameters of Pt nanoparticles analyzed by TEM. ICP-MS reveals values slightly lower than
the targeted content in most cases and a larger value than the targeted content in case of
1 wt% Pt/Fe-N-C. The trend of increasing Pt contents from 1 wt% to 5 wt% and 40 wt% is
clearly visible for both supports C and Fe-N-C so that the impact of support and of
increasing Pt contents on the ECSA and the ORR can be investigated via electrochemical
characterization below. There, the real Pt amounts from this Table I are considered during
determination of ECSAs and mass activities for ORR below and ensure high comparability
of these electrochemical results. Averaged diameters of Pt nanoparticles are analyzed by
TEM for 5 wt% and 40 wt% catalysts and are compared in Table I. The 1 wt% catalysts
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contain very little platinum verified by ICP-MS. The very few Pt nanoparticles being
visible under microscope make averaging of 300 nanoparticle diameters not feasible. The
5 wt% Pt catalysts show diameters of about 1.20 nm and 1.02 nm, and the 40 wt% Pt
catalysts show diameters of about 1.22 nm and 2.02 nm which is the typical range expected
from the polyol synthesis in previous studies (9, 11).

TABLE 1. Pt content (measured through ICP-MS) and averaged Pt diameter (measured through TEM).

Catalyst Pt content / wt.% Pt diameter / nm
1 wt% Pt/C 0.4 -
5 wt% Pt/C 3.8 1.20 £0.42
40 wt% Pt/C 38.6 1.22 +£0.48
1 wt% Pt/Fe-N-C 14 -
5 wt% Pt/Fe-N-C 4.0 1.02+0.34
40 wt% Pt/Fe-N-C 38.1 2.02 +£0.54

Electrochemical Characterization

After physical characterization, the catalysts are electrochemically investigated
towards their ECSA and activity for the ORR. These parameters are determined before and
after accelerated stress testing to evaluate stabilities. Figure 2 compares CV curves and CO
stripping voltammetry curves and the corresponding ECSAs along all catalysts. Figure 2a)
and b) reveal that faradaic and capacitive current densities recorded during cyclic
voltammetry are lower for Pt/Fe-N-Cs than for Pt/Cs along all Pt content cases. Because
total catalyst amounts on the electrodes are kept the same, this indicates lower electrode
capacity of Pt/Fe-N-Cs on the one hand and lower electrochemical Pt nanoparticle
availability on Fe-N-Cs based on PMF from Pajarito Powder than on Black Pearls® 2000
on the other hand. In case of both 1 wt% Pt catalysts the characteristic Pt peaks with
hydrogen underpotential deposition (HUPD) are not detectable which was expected due to
very low Pt content. Therefore, ECSA calculation in Figure 2e) is not possible later. Here,
CO stripping is more sensitive due to stronger adsorption on Pt surface so that in Figure 2f)
ECSA determination is carried out for all catalysts. The CV curves in Figure 2a) and b)
after AST show HUPD peak decreases and hydroquinone/quinone peaks increases which
is well-known for Pt catalyst degradation as well as carbon support degradation (11-14).

Figure 2¢) and d) depict the CO stripping curves and also show lower current densities
for Pt/Fe-N-Cs than for Pt/Cs along all Pt content cases in terms of CO oxidation. Another
interesting trend in dependence on the Pt content gets obvious here for both supports
likewise. Whereas the 1 wt% Pt catalysts show negligible peaks of CO oxidation, the
5 wt% and 40 wt% Pt catalysts show same trends in changing of peak shapes before and
after AST. This seems independent of the C or Fe-N-C support. For 40 wt% Pt/C and
Pt/Fe-N-C the peak shape changes from one symmetric signal before AST to three strongly
overlapped main signals with much lower intensity than the initial signal.

Peak maximums before AST are centered at 0.849 Vrug for Pt/C and at 0.824 Vryg for
Pt/Fe-N-C. Peak maximums of the three signals after AST are at 0.751 Vrug, 0.828 VRruE
and 0.890 Vrug for Pt/C and at 0.729 Vrug, 0.831 Vrur and 0.926 Vrur for Pt/Fe-N-C.
These signals indicate typical Pt particle degradation in terms of agglomeration after AST
(15) and show that the electrochemically provoked change of size, shape and surface of Pt
particles here is not influenced by the supports to a larger extent. This shows a minor effect
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of carbon structure with incorporated Fe-N and N sites here. For 5 wt% Pt/C and Pt/Fe-N-C
the peak shape changes from one signal to a very broad low intensity signal which might
be the overlap of several peaks again. Peak maximums of 5 wt% Pt catalysts before AST
are at 0.818 Vrug for Pt/C and at 0.814 Vrue for Pt/Fe-N-C. These very similar CO
oxidation behavior with similar peak centers show again comparable size, shape and
surface of Pt nanoparticles on both supports in comparison. This is expected due to the
same catalyst preparation in this study which includes a separate Pt nanoparticle synthesis
first and the deposition on the support second.

ECSAs in Figure 2e) and f) are calculated based on HUPD and CO stripping. In general,
higher standard deviations for 5 wt% and 40 wt% Pt/Fe-N-Cs are observed compared to
Pt/C which might be due to more inhomogeneous Pt nanoparticle distribution on the bulk
support. Next to higher standard deviations, the ECSAnupp and ECSAco values are lower
for Pt/Fe-N-Cs than for Pt/C along all Pt content cases. This proves the assumption of lower
electrochemical Pt nanoparticle availability on Fe-N-Cs above and combines this
assumption with a more inhomogeneous Pt availability on Fe-N-Cs. The 40 wt% Pt/C in
this study has an ECSApupp value of 94+5m?gp! and an ECSAco value of
76 + 8 m? gpi’!. This is in range of literature values ranging between 59-125 m? gpi'! (16).
The 40 wt% Pt/Fe-N-C in comparison has an ECSAnupp value of 47 + 14 m? gp¢! and an
ECSAco value of 38 + 8 m? gpi!.

Although ECSAs of Fe-N-C-based catalysts are lower here compared to C-based
catalysts, the Pt/Fe-N-Cs show much lower loss of ECSA after AST and in consequence a
better stability than Pt/Cs for 5 wt% and 40 wt% catalysts in CO stripping and for 40 wt%
catalysts in HUPD. The determination of ECSAs in case of the low 1 wt% content catalysts
is difficult and has low significance due to low signal intensities during CV.
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Figure 2. a,b) CVs for determination of ECSAnupp with e) corresponding ECSA values,
and c,d) CO stripping voltammetry for determination of ECSAco with f) corresponding
ECSA values.

Figure 3 compares the ORR curves as well as the mass and specific activities before
and after AST. These curves and activities are shown for the three Pt/C catalysts and the
three Pt/Fe-N-C catalysts with 1 wt%, 5 wt% and 40 wt% Pt contents. In addition, the
platinum-free Fe-N-C catalyst only is shown to assess the ORR without the presence of
platinum. While 40 wt% Pt/C and 40 wt% Pt/Fe-N-C show the expected diffusion limited
current density of around -6 mA c¢cm™ typical for Pt catalysts, the others show a successive
reducing trend of diffusion limited current densities dependent on the Pt content but
independent of the support. Impact factors for this diffusion limited potential region below
0.6 VruEg are uniformity of coverage of the electrode with catalyst material depending on
different support morphologies and Pt loading, electrical conductivities and ORR
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mechanism (17, 18). Next to the typical Pt loading of 40 wt% very low contents are
investigated in this study, whereas the total amount of Pt/support instead of Pt only is kept
constant to avoid very thick films on the electrodes. This might result in more distinct
impacts of support material by decreasing the Pt content.

Next to this region, the range at higher potentials above around 0.6 Vrue shows much
lower current densities and is rather dominated by catalytic activity than diffusion. To
better compare, mass activities are calculated at 0.9 Vrye for all catalysts and at 0.7 Vrug
for 1 wt% Pt/C, 1 wt% Pt/Fe-N-C and Fe-N-C only due to the relatively low activity.
Values at 0.9 Vrug are shown in Figure 3c) and reveal same trends observed for ECSAs.
This means that mass activities of Pt/Cs are higher than activities of Pt/Fe-N-Cs in all cases.
40 wt% Pt/C has a mass activity of 352 A gpc! which is comparable with literature values
of commercial Pt/Cs ranging between 200-650 A gpi!' (16). Although Pt nanoparticle
interaction with heteroatom-containing sites like nitrogen was shown in other studies to
enhance the ORR activity because of greater electron density (19, 20), this positive effect
is not visible for Pt/Fe-N-Cs here.

Looking on the loss of activity, MA losses are higher in case of Pt/Cs than in case of
Pt/Fe-N-Cs so that Pt on Fe-N-Cs seems more stable. This can be caused by stabilizing
effects of nitrogen doping and Fe-N incorporation into the carbon support which can have
a different electronic interaction with the deposited Pt nanoparticles than carbon only (21).

Figure 3d) shows mass activities at 0.7 Vrug for the low content Pt catalysts compared
to Fe-N-C based on the mass of total catalyst. Oxygen reduction starts at lower potentials
for these catalysts than for the others because of larger overpotentials so that a potential of
0.7 Vrue is chosen for calculation here. It is illustrated that the use of Fe-N-C support for
low Pt content catalysts instead of C only has a boosting effect on ORR activity by factor
of two.
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Figure 3. ORR polarization curves of a) Pt/C and b) Pt/Fe-N-C catalysts at 1600 rpm with
ascanrate of 5 mV s, ¢) mass activities determined at 0.9 Vrur based on mass of platinum
and d) at 0.7 Vrue based on mass of total Pt/support catalyst.

Conclusion

In this study, the successful deposition of fabricated Pt nanoparticles on a carbon black
and on Fe-N-C in different amounts is shown. The catalysts are analyzed by TEM and
ICP-MS and furthermore electrochemically analyzed to compare ECSAs and catalytic
activities. Although Pt nanoparticles are well-distributed on both support classes,
electrochemical results reveal differences in Pt behavior on the supports. ECSAs and MAs
of platinum are lower on Fe-N-Cs than on carbon only. In conclusion, the electronic
structure of Pt does not profit in any catalytic matter from interaction with Fe-N and N sites.
However, considering not only the mass of platinum but also the total mass of Pt and
support, the use of Fe-N-C instead of C has a boosting effect on ORR activity. In case of
the low Pt content catalysts activity increase by factor of two is shown, which can get
important for future strategies to decrease the Pt content by maintaining the catalytic
activity and PEM fuel cell performance. To conclude, the combination of catalytic active
Pt with catalytic active Fe-N sites has a synergetic effect on the overall ORR activity.
Furthermore, the stability of Pt on Fe-N-C is higher compared to Pt/C, so that Fe-N-Cs can
help to increase the overall PEMFC catalyst stability. In further approaches, these catalysts
will be tested in HT-PEMFC single cells with the aim to reduce the Pt amounts in gas
diffusion electrodes.
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