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Abstract: Fe/N/C is a promising non-Pt electrocatalyst for the
oxygen reduction reaction (ORR), but its catalytic activity is
considerably inferior to that of Pt in acidic medium, the
environment of polymer electrolyte membrane fuel cells
(PEMFCs). An improved Fe/N/C catalyst (denoted as Fe/N/
C-SCN) derived from Fe(SCN); poly-m-phenylenediamine,
and carbon black is presented. The advantage of using
Fe(SCN); as iron source is that the obtained catalyst has
a high level of S doping and high surface area, and thus exhibits
excellent ORR activity (23 Ag™" at 0.80V) in 0.Im H,SO,
solution. When the Fe/N/C-SCN was applied in a PEMFC as
cathode catalyst, the maximal power density could exceed
1Wem™.

The bottleneck of polymer electrolyte membrane fuel cells
(PEMFCs) is high cost, since expensive Pt catalysts are
necessary to drive both the cathodic oxygen reduction
reaction (ORR) and anodic hydrogen oxidation.!!' The
ORR is kinetically very slow, and requires much more Pt
catalyst than hydrogen oxidation. Therefore, the exploration
of non-Pt catalysts for the ORR has received great interest.
Ternary Fe/N/C is generally considered as one of the most
promising candidates.”) The development of Fe/N/C catalyst
can be traced back to the pioneering work of transition-metal
macrocyclic compounds by Jasinski.”! Currently, macrocyclic
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compounds are unnecessary, because high-temperature pyrol-
ysis of a mixture of iron salts, nitrogen-containing species, and
carbon support can also yield such a catalyst even with better
activity and stability.?**# Fe/N/C catalysts can exhibit an
ORR activity in both acidic and alkaline solutions. However,
the former is more challenging and important in consider-
ation of the strong acidic and corrosive environment of
Nafion-based PEMFCs."

Significant progress has been achieved in synthesis of
highly active Fe/N/C catalyst and exploration of their
applications in PEMFCs recently.” For example, Dodelet
et al. found that ball-milling precursors and two-step pyrolysis
in an Ar and NH; atmosphere can greatly boost the ORR
activity of Fe/N/C catalyst, yielding a maximal power density
(Poa) of 045Wcem™ in PEMFC test.?! They further
improved the P, to 0.91 Wem™? at 1bar back-pressure
using a high-surface-area metal-organic framework as sup-
port.”! Liu et al. reported the synthesis of polyporphyrin-
based Fe/N/C catalysts with a P, of about 0.73 Wcm 2!
Alternatively, Zelenay and co-workers reported an Fe/N/C
derived from polyaniline, carbon black, and FeCl; through
a procedure of pyrolysis, acid leaching, and secondary
pyrolysis. The obtained Fe/N/C catalyst exhibited a high
ORR activity (ca. 6.7 Ag™' at 0.80 V) and an extremely low
H,0, yield (<1%) in rotating ring-disk electrode (RRDE)
test, and a P,,, of 0.55Wcm 2 at 1.8 bar back-pressure in
a PEMFC test.”® Nevertheless, both ORR activity and
PEMFC performance of Fe/N/C catalysts still need further
improvement for practical applications.

We previously prepared a highly active Fe/N/C catalyst
(11.5 Ag'at 0.80 V) from nitrogen-abundant poly-m-phenyl-
enediamine (PmPDA) and FeCl,,””! according to the revised
Zelenay method.™ The P, was 0.35 Wcm™ without back-
pressure in a preliminary fuel cell test. Herein we find that
iron salts can also greatly influence the ORR activity of Fe/N/
C, and the use of Fe(SCN); instead of FeCl; can nearly double
the ORR activity. The improvement may be correlated with S
doping and high surface area. The P,,,, of PEMFC using this
improved catalyst reached 0.94 and 1.03 Wcm 2 at 1 and 2 bar
back-pressure, respectively.

The synthesis of PmPDA-based catalyst was similar to
that reported previously.”] In brief, PmPDA was coated onto
sulfophenyl-grafted carbon black through oxidative polymer-
ization of m-PDA monomer by (NH,),S,0;. After adding
FeCl; or Fe(SCN);, the precursor was subjected sequentially
to pyrolysis at 950 °C under Ar atmosphere, acid leaching, and
secondary pyrolysis. Catalysts prepared using FeCl; and
Fe(SCN); are denoted as Fe/N/C-Cl and Fe/N/C-SCN,
respectively. High-resolution transmission electron microsco-
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py (HRTEM) measurements indicate that the Fe/N/C-SCN
consists of carbon nanoparticles of 100-200 nm in size, and no
crystalline metal-containing phases (for example, Fe, FeS, and
Fe;C), which should display high contrast in TEM images,
could be observed (Supporting Information, Figure S1).

Figure 1a compares ORR polarization curves of Fe/N/C-
SCN, Fe/N/C-Cl, and commercial Pt/C (20 wt%; JM) cata-
lysts in O,-saturated 0.1m H,SO, solution. Catalyst loading
was 0.6 mgem ™ for Fe/N/C catalysts and 0.1 mgem™ (or
20 pgp,cm~?) for Pt/C. The catalytic activity of Fe/N/C-SCN is
considerably higher than that of Fe/N/C-Cl, as evidenced by
higher (0.836 vs. 0.820 V) half-wave potential (E,,). The E,,
of Fe/N/C-SCN was only 48 mV lower than that of Pt/C.

To quantitatively compare the intrinsic activity, kinetic
current was calculated through Koutecky-Levich equation,
and was then normalized with catalyst loading to obtain mass
activity (j,). Figure 1b illustrates Tafel plots of the above
three catalysts. All catalyst yielded a similar Tafel slope, that
is, 66, 64, and 69 mV, for Fe/N/C-SCN, Fe/N/C-Cl, and Pt/C,
respectively. The measured mass activities of Fe/N/C-SCN
and Fe/N/C-Cl were 23.0 and 13.4 Ag™"' at 0.80 V (inset of
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Figure 1. a) ORR polarization curves and H,0, yield of Fe/N/C-SCN,
Fe/N/C-Cl, and Pt/C in O,-saturated 0.1 m H,SO, solution. Rotating
speed: 900 rpm; scan rate: 10 mVs™'; Fe/N/C catalyst loading:

0.6 mgem™?; Pt/C loading: 0.1 mgcm ™2 (or 20 pgpcm2); 30°C water
bath. b) Tafel plot. Inset: comparison of kinetic current at 0.80 V
between Fe/N/C-SCN and Fe/N/C-Cl.
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Figure 1b), as well as 0.75 and 0.35 Ag ' at 0.90 V, respec-
tively. Clearly, the use of Fe(SCN); instead of FeCl; as Fe
source can improve significantly the ORR activity, although
H,O, yield increased slightly (1.5% vs. 1.0% at 0.70V,
Figure 1a). Note that the catalytic activity of Fe/N/C-Cl is
slightly higher than that reported previously,” since the
amount of FeCl; was further optimized during the prepara-
tion of the catalyst in this study. As for Pt/C, mass activity at
0.90 V was 23 A g, ' (or 115 A gy "). Thus, the mass activity
of Fe/N/C-SCN reached to about 1/30 that of Pt/C (20 wt %).

Furthermore, we carried out an H,~O, PEMFC test.
Membrane electrode assemblies (MEAs) consisted of Fe/N/C
(4.0 mgem™?) as cathode catalyst for ORR, and Pt/C
(0.4 mgp,cm ?) as anode catalyst for H, oxidation. To enhance
mass transfer, a back-pressure of 1 or 2 bar was applied
(absolute pressure of H, or O, was about 1.5 or 2.5 bar,
respectively, considering 0.47 bar of water saturation vapor
pressure at 80°C). Figure 2 illustrates the polarization curves
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Figure 2. Polarization (left, filled symbols) and power density (right,
open symbols) plots for H,-O, PEMFC with Fe/N/C-SCN and Fe/N/C-
Cl as cathode catalysts at 80°C. The back-pressure was 2 or 1 bar as
indicated; flow rate: 0.3 slpm; MEA active area: 1.0 cm”; NRE 211
membrane; cathode catalyst loading: 4.0 mgcm2; anode catalyst: Pt/
C (40 wt%, JM) with 0.4 mgs,cm ™2

and power-density plots of the PEMFC with Fe/N/C-SCN as
cathode catalyst. At 2 bar back-pressure, P, could reach
a value as high as 1.03 Wem ™2 at 0.41 V, and the maximal
current density was 3.55 Acm™? at 0.22 V. Decreasing the
back-pressure to 1 bar, P,,,, was still 0.94 Wcm 2 To the best
of our knowledge, this is the highest P, reported so far for
PEMFCs with Fe/N/C as cathode catalyst (Supporting
Information, Table S1). The area-specific ohmic resistance
of MEAs varied within 60-80 mQ cm?* during a fuel-cell test.
After iR correction, Tafel plots (Supporting Information,
Figure S2) were obtained. The Tafel slope based on fuel cell
data is 80-84 mV, which was higher than the value of 66 mV
based on RRDE data. This difference may be attributed to
different test temperatures (80°C vs. 30°C) and electrolytes
(Nafion ionomer vs. 0.1m H,SO,). The observed and iR-free
current densities at 0.80V were 025 and 0.38 Acm 2
respectively, at 2 bar back-pressure. For Fe/N/C-Cl, P,,,,, was
only 0.81 Wem 2 at 2 bar back-pressure, which was consid-
erably lower than that of Fe/N/C-SCN. Note that the fuel cell
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performance of Fe/N/C-Cl is significantly higher than that we
reported previously,”) as we have optimized the fabrication
method for MEAs and improved the mass transfer greatly.

For comparison, we also tested the performance of a fuel
cell using commercial Pt/C (0.2mgPtcm™?) as cathode
catalyst at 1bar back-pressure (Supporting Information,
Figure S3). At a current density below 1 Acm 2, the perfor-
mance of the fuel cell using Fe/N/C-SCN is close to that using
Pt/C as cathode catalyst. However, at higher current density
(>1 Acm™) where mass transfer overweighs electrochemical
kinetics, the Pt/C exhibits a performance much better (P, =
1.77Wem™?) than the Fe/N/C-SCN owing to fast mass
transfer of the thin Pt/C catalyst layer (ca. 10 um). How to
fabricate thick Fe/N/C catalyst layer (ca. 100 um) with fast
mass transfer would be the key issue in further study.

Apart from activity, the durability of Fe/N/C is also
important for fuel-cell applications. To evaluate the durabil-
ity, the PEMFC with Fe/N/C-SCN catalyst was operated at
0.50 V for 100 h. The current density decreased from 1.60 to
0.77 Acm? in the initial 10 h, and then gradually declined to
0.45 Acm™ at 100 h (Supporting Information, Figure S4).
Water flooding has been considered as a reason for insta-
bility.'”! However, we found that adding some waterproof
reagents (for example, dimethyl silicone oil') could not
improve the durability (Supporting Information, Figure S4).
Further work is therefore still required to improve durability.

To understand why Fe/N/C catalyst prepared from Fe-
(SCN); has better ORR catalytic activity than that from
FeCl;, we carried out some physical characterizations.
Figure 3 compares X-ray photoelectron spectroscopy (XPS)
of Fe/N/C-SCN and Fe/N/C-Cl. Both catalysts contained C, N,
Fe, S, and O elements. According to the relative sensitivity
factor method,!'” weight contents of N, Fe, and S were
determined to be 4.4 %, 1.4 %, and 2.1 % for Fe/N/C-SCN, as
well as 4.9 %, 2.2 %, and 0.7 % for Fe/N/C-Cl, respectively. In
another words, Fe/N/C-SCN contained slightly less N and Fe
but three times more S in comparison with Fe/N/C-Cl. High-
resolution spectra of Ny, and Fe,, are similar for both catalysts
(inset of Figure 3), therefore, the higher ORR catalytic
activity of the Fe/N/C-SCN than Fe/N/C-Cl may be correlated
with more S doping. As reported previously, the doping of S in
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Figure 3. XPS of Fe/N/C-SCN (black line) and Fe/N/C-Cl (gray line).
Inset: High-resolution spectra of S 2p, N 1s, and Fe 2p.
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graphene can change electric structure, which benefits
ORR."!

Along with S doping, a high specific surface area also
contributes to high catalytic activity. Figure 4 demonstrates
Ar adsorption—-desorption isotherms of Fe/N/C-SCN and Fe/
N/C-CI. The Brunauer-Emmett-Teller (BET) surface area of
Fe/N/C-SCN is 751 m*g~!, which is significantly larger than
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Figure 4. Ar adsorption/desorption isotherm of Fe/N/C-SCN and Fe/
N/C-Cl. Filled symbols: adsorption; hollow symbols: desorption. Inset:
micropore (HK method) and mesopore (BJH method) size distribu-
tions.

that of Fe/N/C-Cl (656 m*g™"). Results of ¢-plot analysis show
that Fe/N/C-SCN has much larger external surface area (337
vs. 158 m*g ') but smaller micropore area (414 vs. 498 m?g ")
than Fe/N/C-Cl. The pore-size distribution was analyzed by
the Horvath-Kawazoe (HK) method for micropores (< 2 nm)
and the Barret-Joyner-Halenda (BJH) method for meso-
pores (>2 nm) (inset to Figure 4). Clearly, Fe/N/C-SCN has
more pores of 1.0-4.0 nm than Fe/N/C-Cl, bur less micropores
of size below 0.6 nm. In the fuel-cell test, the high external
surface area and large pore size of the Fe/N/C-SCN can
facilitate the accessibility of reactant for ORR.

As for the Fe/N/C, the catalytic activity depends
on turnover frequency (TOF), the density of active sites
(dyciivesie), and  surface area (that is, Activity o« TOF x
dyeivesice X Area). When the RDE catalytic activity at 0.80 V
was normalized by surface area, Fe/N/C-SCN has higher
catalytic activity per BET area (0.031 vs. 0.020 Am %) and per
micropore area (0.056 vs. 0.027 Am?) than Fe/N/C-CI, but
slight lower catalytic activity per external surface area than
Fe/N/C-CI (0.068 vs. 0.084 Am~?). The S-doping of Fe/N/C-
SCN may increase the TOF. Unfortunately, we do not know
the density of active sites and where the active sites mainly
locate (micropore, or external surface area, or both), so the
TOF of the catalysts could not be evaluated experimentally.

In summary, we found that iron salts can greatly influence
the ORR performance of pyrolyzed Fe/N/C catalyst, and
Fe(SCN); can result in S-doping catalyst with high surface
area, thereby leading to high ORR activity. The maximal
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power density of PEMFC using as-prepared Fe/N/C-SCN can
reach as high as 1.03 Wcem 2, demonstrating its promising
application in PEMFCs.

Experimental Section

The catalysts were prepared according to a previous method.” In
brief, KJ600 carbon black (2 g) was grafted with sulfophenyl group
through reduction of diazonium salt by Fe power. The grafted carbon
black was mixed with m-phenylenediamine (m-PDA, 15¢g) and
concentrated HCI (36%, 50 mL). To oxidatively polymerize m-
PDA, (NH,),S,05 (2M, 140 mL) and FeCl; solution (1M, 40 mL) were
added dropwise. The suspension was filtered and washed to remove
inorganic salts including Fe salt. To synthesize Fe/N/C-SCN, the
obtained powder (0.3 g) was added into Fe(SCN); solution that was
prepared by mixing FeCl; (1M, 0.9 mL) with KSCN (1M, 3 mL). The
solvent was then removed and further dried at 80°C for 12 h. The
resulting powder was pyrolyzed at 950°C in an Ar atmosphere for 1 h.
The pyrolyzed sample was subjected to acid leaching in 1m HCI
solution at 80 °C for 8 h followed by centrifugation and water washing.
Finally, the obtained powder was further pyrolyzed at 950°C for 3 h to
obtain the final catalyst.

The ORR performance was tested in O,-saturated 0.1m H,SO,
solution at 30°C on a rotating ring-disk electrode (RRDE) system
(Pine Inc.) with a CHI-760D bipotentiostat. Rotating rate was
900 rpm. A glassy carbon (GC, ¢ =>5.61 mm) disk-Pt ring RRDE was
used. A GC plate and a reversible hydrogen electrode (RHE) were
used as counter electrode and reference electrode, respectively. To
prepare catalyst ink, the Fe/N/C catalyst (6.0 mg) was ultrasonically
dispersed in a mixture of water (0.50 mL), ethanol (0.50 mL) and 5 %
Nafion (0.05 mL) for 1 h. The 25 pL of ink was pipetted onto the GC
disk electrode, resulting in catalyst loading of 0.6 mgem 2 The
loading of Pt/C (20 wt%) catalyst was 0.1 mgcm 2. Polarization
curves were recorded by potential cycling between 0.2 and 1.0 V at
10 mVs™". Solution ohmic drop (that is, iR drop) was compensated.
Capacitive background current was corrected by subtracting the
curve recorded in N,-saturated solution. To determine H,O, yield, the
ring electrode was held at 1.30 V to oxidize H,O, diffused from disk
electrode.

Membrane electrode assembly (MEA) was prepared through
hot-pressing method. The catalyst “ink™ was prepared by ultrasonic
dispersion of Fe/N/C catalyst (26 mg) and 5 wt% Nafion solution
(600 uL) into 1.0 mL deionied water for 1 hour. The ink was directly
coated on PTFE-pretreated Toray 060 carbon paper as cathode, and
no microporous layer was used. The loading of Fe/N/C catalysts was
4.0 mgem % The Nafion content in the cathode catalyst layer was
about 50 wt %. The anode catalyst is 40 wt % Pt/C with a loading of
0.4 mgPtcm 2 Note that higher Pt content catalyst was used in the
fuel cell test than in the RDE test, because it can result in thinner
catalyst layer that benefits the mass transfer. Then, the MEA was
prepared by hot-pressing cathode, anode, NRE 211 Nafion mem-
brane, and gasket at about 3 MPa for 135 s. The compression was 15—
20%. The thickness of cathode catalyst layer was about 100 um. The
active area of MEA was 1.0x 1.0 cm®. Fuel cell performance was
tested at 80°C on Model 850e fuel cell test system (Scribner
Associates Inc.). H, and O, flow rates were 0.3 slpm at 100% RH
for polarization curve measurement, and 0.2 slpm for durability test.
A back-pressure of 1 or 2 bar was applied.

XPS measurements were carried out by using an Omicron Sphera
II hemispherical electron energy analyzer with Monochromatic

AlKa X-ray source (1486.6 ¢V, anode operating at 15kV and
300 W). Ar adsorption/desorption isotherm was tested by ASAP
2020 physisorption analyzer (Micromeritics).

Keywords: electrocatalysis - fuel cells - iron -
oxygen reduction reaction - sulfur
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