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Abstract: Understanding the origin of the high electrocatalytic activity of Fe-N-C electrocatalysts
for oxygen reduction reaction is critical but still challenging for developing efficient sustainable
nonprecious metal catalysts used in fuel cells. Although there are plenty of papers concerning the
morphology on the surface Fe-N-C catalysts, there is very little work discussing how temperature
and pressure control the growth of nanoparticles. In our lab, a unique organic vapor deposition
technology was developed to investigate the effect of the temperature and pressure on catalysts.
The results indicated that synthesized catalysts exhibited three kinds of morphology—nanorods,
nanofibers, and nanogranules—corresponding to different synthesis processes. The growth of the
crystal is the root cause of the difference in the surface morphology of the catalyst, which can
reasonably explain the effect of the temperature and pressure. The oxygen reduction reaction
current densities of the different catalysts at potential 0.88 V increased in the following order: FePc
(1.04 mA /cm?) < Pt/C catalyst (1.54 mA /cm?) ~ Fe-N-C-f catalyst (1.64 mA /cm?) < Fe-N-C-g
catalyst (2.12 mA /cm?) < Fe-N-C-r catalyst (2.35 mA /cm?). By changing the morphology of the
catalyst surface, this study proved that the higher performance of the catalysts can be obtained.

Keywords: ORR; Fe-N-C; morphology

1. Introduction

The increasing global energy consumption and environmental issues are driving the
research and development of sustainable and clean energy resources and technologies [1-6].
Specifically, fuel cells and metal-air batteries have attracted much attention due to their
high theoretical energy density and commercial value in recent years. The core process,
oxygen reduction reaction (ORR), that determines overall efficiency of fuel cells and metal—-
air batteries is slow, and thus precious metal catalysts including Pt have been widely used
to promote this process [7-12]. However, the natural abundance of precious metals on
earth is scarce, and their electrocatalytic stability for ORR is poor [13-18]. Therefore, it
is of great significance to develop ORR catalysts with abundant reserves, low cost, and
excellent durability.

Fe-N-C catalysts are considered a substitute for precious metal catalysts for their high
catalytic activity for ORR in fuel cells and metal-air batteries [19-25]. The morphology of
catalysts notably affects the electron transfer, diffusion, and adsorption at the interface of
the electrodes and therefore the ORR electrocatalytic performance. On the other hand, the
morphology is closely related to the synthesis process [26-29].

Although Fe-N-C catalysts have been extensively studied, the way in which to
control the surface morphology of this type of catalyst is still a problem to be considered.
In this work, a unique organic vapor deposition technology was developed in our lab
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to synthesize single-atom Fe-N—C catalysts through the modification of small molecular
organics at atomic scale. It was found that the catalysts synthesized through different
synthesis processes possessed very different morphologies, such as nanorod, nanofiber, and
nanogranule, corresponding to different ORR performances. The effects of the pressure and
temperature on the morphology and structure of synthesized catalysts are introduced here.
This will help to showcase the close relationship between performance and morphology.

2. Materials and Methods
2.1. Preparation of Materials

(@) An electrodeposition method was used to deposit Cu foils on the surface of a steel
sheet. Then, the Cu foils were peeled off from the sheet and put into a tube furnace.

(b) The monolayer graphene was synthesized on the surface of the Cu foil (noted as
G/Cu) through a chemical vapor deposition (CVD) process in a mixture atmosphere
of CHy (12 sccm) and Hj (48 sccm) gases at 1000 °C [30].

(c) FePc powders (the precursor) and G/Cu film were separately placed into another
tube furnace with a distance of 300 mm (Figure 1). The synthetic strategy of Fe-N—
C single-atom catalysts is described as follows: (i) FePc powder was put into the
T1 (450 °C) temperature zone, G/Cu film was put in the T2 temperature zone. To
investigate the effect of the temperature and pressure, we controlled the temperature
T2 to be 110 °C and 70 °C, respectively. (ii) The pressure in the T2 temperature zones
was 10 torr and 500 torr, respectively. Then, keeping the temperatures for 30 min with
argon gas flowing through the tube furnace in the direction from FePc powders to
G/Cu film, we synthesized the catalysts on the surface of the monolayer graphene
and noted as Fe-N-C/G/Cu.
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Figure 1. Schematic view of the tube furnace used to synthesize the catalysts.

(d) The copper layers in synthesized catalysts Fe-N-C/G/Cu were removed by floating
the films on the surface of 0.1 M FeClj solution for more than 12 h. Then, the reserved
film (noted as Fe-N-C) was washed with deionized water 3 times and dried at 60 °C.

2.2. Electrochemical Measurements

Electrochemical measurements were performed with a CHI660D electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) in a typical three-
electrode system. The catalyst supported on a glassy carbon electrode (GCE) with a
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diameter of 5 mm was served as the working electrode, whereas ruthenium-titanium mesh
and Hg/HgO (1 M KOH) electrode were used as the counter and reference electrodes,
respectively. All the potentials given are relative to reversible hydrogen electrode (RHE):
E(vs. RHE) = E(vs. Hg/HgO) + 0.098 + 0.059pH. The electrochemical measurements were
carried out using a rotating disk electrode (RDE) device in an O,-saturated 0.1 M KOH
solution at 25 + 1 °C. The linear scan voltammetry (LSV) was conducted at a potential scan
rate of 5mV s~ 1.

2.3. Structural Characterization

The scanning electron microscopy (SEM) observations were performed with a field
emission Hitachi s-4800, and SEM/energy-dispersive X-ray (EDX) spectroscopy mapping
was undertaken on an Ametek EDAX at an acceleration voltage of 15 kV. Transmission
electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)
images were obtained on JEM-2100F operated at acceleration voltages of 80 kV and 200 kV,
respectively. X-ray diffraction (XRD) analyses were performed on a Bruker D8-Focus
system with Cu K« radiation (A = 1.5419 A). XRD patterns were recorded at 40 kV in a 20
range of 5° to 40°. X-ray photoelectron spectroscopy (XPS) analyses were performed using
a PHI5000 Versa Probe. The energy calibration of the spectrometer was performed using
C 1s peak at 284.5 eV. Thermogravimetric analysis (TGA) curve was performed on a TA
Q500 thermal gravimetric analyzer under a N, atmosphere condition at a heating rate of
5 °C/min. Raman spectrum was performed on a RENISHAW in via reflex with an incident
ray source (A = 532 nm).

3. Results
3.1. Analyses on the Morphology and Structure

Figure 2 shows the SEM images of the catalysts synthesized under different temper-
ature and pressure conditions. As shown in Figure 2a, the catalyst synthesized at 70 °C
and 10 torr conditions exhibited a nanogranule morphology (noted as Fe-N-C-g) with
an average diameter of 10 nm. The catalyst synthesized at 70 °C and 500 torr conditions
showed a nanofiber morphology (noted as Fe-N-C-f) with an average diameter of 50 nm
(Figure 2b). A nanorod catalyst (noted as Fe-N-C-r) was synthesized at 110 °C and 10 torr
conditions (Figure 2¢,d). The nanorods possessed an inerratic rectangular cross-section
with an average side length of 30 nm. More SEM images are shown in the Supplementary
Information section. The results above indicate that the catalysts with different morpholo-
gies can be synthesized through the unique organic vapor deposition technology developed
in our lab.

Comparing the morphologies of the catalysts synthesized under low pressure (10 torr)
conditions (Figure 2a,c), the higher temperature (110 °C) resulted in rod-shaped growth
while granule-shaped growth occurred at a lower temperature (70 °C). Observing the
morphologies of the catalysts synthesized under low temperature (70 °C) conditions
(Figure 2a,b), we found that high pressure (500 torr) caused filiform growth but the numbers
of the fibers were very limited. In contrast, low pressure (10 torr) led to a huge number
of granules. The results indicate that the pressure altered the growing direction of the
catalysts from the direction perpendicular to the surface of the substrate (low pressure) to
along the surface of the substrate (high pressure). In addition, high pressure suppressed
the nucleation of the catalysts. High temperature promoted the growth.

From the XRD result (Figure 3), patterns of FePc powder, Fe-N-C-r, Fe-N-C-f, and
Fe-N-C-g catalysts can be seen, wherein the peak positions of the three catalysts were the
same, although the peak strengths were different. The peak positions of the three catalysts
differed greatly from that of FePc powder. The results revealed that the crystal structures of
synthesized catalysts with three morphologies were the same, but totally different from that
of FePc powders, the precursor. This means that new materials were synthesized through
the unique organic vapor deposition technology. Comparing the strength of the peaks
among the catalysts, we found that the Fe-N-C-r catalyst showed the best crystallinity
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while Fe-N-C-f catalyst showed the worst. Considering the difference in their synthesized
conditions, we can conclude that high pressure prohibits the regular arrangement of the
molecules while higher temperature is of benefit to form regular arranged crystal structure
during the course of crystallization.

Figure 2. SEM images of synthesized catalysts with different morphologies: (a) nanogranules; (b) nanofibers; the top (c)
and side (d) views of the nanorods.
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Figure 3. XRD patterns of FePc powder, as well as Fe-N-C-r, Fe-N-C-g, and Fe-N-C-f catalysts.
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The TEM image of Fe-N—-C-r catalyst (Figure 4a) exhibited the nanorod morphology.
The SAED (selected area electron diffraction) pattern in the yellow zone in Figure 4a showed
bright diffraction spots (Figure 4b) corresponding to the lattice plane (001) (d = 3.19 A).
Furthermore, the HRTEM image (Figure 4c) shows that the nanorod possessed layer struc-
tures, topologically stacking on the (002) plane of the monolayer graphene, the substrate.
The HRTEM image of Fe-N-C-f catalysts also displayed a layer structure with an interlayer
space of 3.19 A (Figure 4d), which was the same as that in Fe-N-C-r catalyst.

Figure 4. (a) TEM image and (b) SAED pattern of the yellow dashed region in (a) for Fe-N-C-r catalyst; (c) HRTEM image
of Fe-N—C-r catalyst; (d) HRTEM images of Fe-N—C-f catalyst (the inset is the amplified view).

3.2. Raman and XPS Analyses

SEM, HRTEM, and XRD analyses indicated that the as-prepared catalysts possessed
the same structure, although their morphologies were different; therefore, the following
analyses were conducted for Fe-N-C-f catalyst. Figure 5a displays the Raman spectra
of FePc powders and synthesized Fe-N-C-f catalyst. The peaks located at 1449 cm ™!
and 1456 cm~! were all caused by the vibration of C-C bonds in FePc powders and Fe-
N-C-f catalyst, respectively [31]. Because the peak height of the C—C bonds essentially
did not change, C-C bonds in FePc powders and Fe-N-C-f catalyst were thus stable
during the synthetic process. To clearly understand the variation of the coordination
structure, we calculated the peak intensity ratios I/Ic.c, as shown in Figure 5b, where I
represents the peak intensity in the Raman spectra and I¢c.c represents the peak intensity
of C—C bonds in the Raman spectra. The peaks at 179, 230, 682, 827, and 1401 cm ! for
FePc powders, induced separately by the in-plane motion of the isoindole group; Fe-N
stretching vibration; macrocycle breathing vibration; and the two types of C-N stretching
vibration [32] also appeared in the synthesized Fe-N—-C-f catalyst. The result indicates that
the macrocyclic structure in FePc powders remained in synthesized Fe-N-C-f catalyst. For
Fe-N-C-f catalyst, ratio Ic.N/Ic.c corresponding to C-N bond in plane-bending vibration
(Figure 5b) became much higher compared with FePc powders, and the same variation also



Processes 2021, 9, 109

6 of 13

appeared for Fe-N vibration, implying that the numbers of C-N bonds and Fe-N bonds
increased in Fe-N-C-f catalyst. An obvious peak shift from 230 cm ! for FePc powders to
236 cm ™! for Fe-N-C-f catalyst can be observed for Fe-N stretching vibration. Moreover,
the peak located at 1509 cm ! for FePc powders, which represented the in-plane vibration
of the bonds between Fe and pyrrole-like N atoms, blue shifted to 1527 cm ™! for Fe-N-C-
f catalyst. The shift indicated that the chemical environment around Fe(Il) in Fe-N-C-f
catalyst was different from that in FePc powders. The ratios Ic.jy /Ic.c for Fe-N-C-f catalyst,
which separately corresponded to the stretching vibrations (at 1104 cm~!) and the in-plane
bending vibrations (at 1204 cm~1) of C-H bonds, became lower than that of FePc powder,
indicating that C-H bonds no longer existed in the synthesized Fe-N-C-f catalyst.
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Figure 5. (a) Raman spectra of Fe-N—C-f catalyst and FePc powders; (b) peak intensity ratio I/I c.c

calculated from the data in (a).
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On the basis of the analyses above, we can conclude conclude that FePc molecules
underwent a pyrolysis process to get rid of all the H atoms during the heating process
at 450 °C in argon gas environment, while the macrocyclic structure in FePc molecules
remained in synthesized Fe-N—-C-f catalyst. For Fe-N—C-f catalyst, the numbers of C-N
bonds and Fe-N bonds remarkably increased while C-H bonds disappeared in comparison
with FePc powders.

X-ray photoelectron spectroscopy (XPS) analyses were conducted for FePc powders
and Fe-N-C-f catalyst to explore the interaction in the structure. The XPS survey spectrum
(Figure 6a) showed distinctive peaks of elements Fe, N, O, and C. The peak of Ols was
considered to be from the inevitable surface oxidation and pollutant. The Fe 2p3/2 core
level XPS spectra of FePc powder showed two peaks at 708.6 and 710.7 eV, corresponding
to the Fe(Il) in the bond Fe(II)-N and the satellite, respectively (Figure 6b) [33-35]. The
corresponding Fe(II) peak for Fe-N-C-f catalyst blue shifted to 709.4 eV, indicating a
decrease in the electron density around the Fe(II) in Fe(II)-N bonds compared with that in
FePc powders. The N 1s spectrum (Figure 6¢) of FePc powders can be deconvoluted into
two peaks at 398.8 and 399.1 eV corresponding to the N atoms in graphitic N and pyrroline
N bonds, respectively [35]. A new peak at 398.4 eV appeared in the N 1s spectrum of
Fe-N-C-f catalyst, which can be assigned to the N atoms in pyridinic N. The new peak
revealed that parts of the N atoms originally in the pyrroline-N in FePc molecules bonded
with the Fe (II) to form new pyridinic N bonds in Fe-N-C-f catalyst. The negative shift
in the bonding energy of the N atoms indicated that the electronic density around the N
atom in the new pyrroline-N bonds increased in comparison with that in FePc power. The
Cl1s spectrum of FePc powders (Figure 6d) can be deconvoluted into four peaks at 284.5,
285.3, 285.8, and 289.2 eV, which can be assigned to C-C=C, C-C(H)-C, C-N, and C-O,
respectively [18]. The C-O peak is considered to be from the inevitable surface oxidation
and pollutant. Compared with the Cls spectrum of FePc powders, the peak corresponding
to C-C(H)-C disappeared while the other two peaks remained in the Cls spectrum of
Fe-N-C-f catalyst, indicating that the H atoms in FePc molecules were removed during the
synthesizing process. In addition, the area size enclosed by the peak corresponding to C—-
C=C bonds in Fe-N-C-f catalyst became much larger compared with that in PcFe powders,
showing that the C atoms originally bonding with the H atoms in PcFe molecules bonded
with the adjacent C atoms to form new C-C=C bonds in Fe-N-C-f catalyst. The results
above indicate that the H atoms in PcFe molecules were removed during the synthesizing
process. The Fe(Il) in Fe-N-C-f catalyst bonded with an adjacent N atom in the adjacent
layer and formed a new bond. The C atoms in Fe-N—-C-f catalyst bonded with adjacent C
atoms to form new C—C=C bonds.
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Figure 6. XPS spectra of FePc powder and Fe-N-C-f catalyst: (a) survey spectrum; (b) Fe 2p3,; (¢) N 1s; (d) C 1s.

3.3. Analyses on the Performance

In order to explore the effects of the morphologies on the ORR performance, we mea-
sured LSV curves of synthesized catalysts, commercial Pt/C catalyst, and FePc powders
in Op-saturated 0.1 M KOH solutions. The rotating speed of GCE was controlled to be
1600 rpm and the result is shown in Figure 7. The LSV curves of Fe-N-C-f catalyst and
commercial Pt/C catalyst almost overlapped, meaning that their ORR electrocatalytic
activities were similar. The ORR current of Fe-N-C-r and Fe-N-C-g catalysts was notably
higher than that of Fe-N-C-f catalyst and commercial Pt/C catalyst, exhibiting excellent
ORR electrocatalytic activity. The ORR current densities of the catalysts at potential 0.88 V
increased in the following order: FePc (1.04 mA/ cm?) < Pt/C catalyst (1.54 mA/ cm?) ~
Fe-N—-C-f catalyst (1.64 mA/ cm?) < Fe-N-C-g catalyst (2.12 mA/ cm?) < Fe-N-C-r cata-
lyst (2.35 mA/cm?). The onset potentials of Fe-N-C-r catalyst, Fe-N-C-f catalyst, and
commercial Pt/C catalyst were the same (0.93 V), which was more negative than that of Fe—
N-C-g (0.95 V). The performance comparison of other work is found in the Supplementary
Information section. Among the three morphological catalysts, the ORR electrocatalytic
activity of nanorod-shaped catalyst was the best, while that of nanofiber-shaped catalyst
was the worst.



Processes 2021, 9, 109

90f13

<>
1

[y
1

[\S]
1

—a— Fe-N-C-r

Current Density (mA/cm’)
w

—o— Fe-N-C-f

4 —a&— Fe-N-C-g
—v— Pt

5 —o— FePc

6

7 1 v 1 v 1

0.6 0.8 1.0
Potential (V vs. RHE)

Figure 7. Linear scan voltammetry (LSV) curves of the catalysts with different morphologies, com-
mercial Pt/C catalyst, and FePc powders in Op-saturated 0.1 M KOH solutions.

3.4. Thermogravimetric Analyses

The thermogravimetric curve (TGA) of FePc powders was measured, and it is shown
in Figure 8a. The sublimation of FePc molecules (Figure 8b) occurred in the temperature
range of 360-500 °C. On the basis of the Raman and XPS analyses showing that the H
atoms in FePc molecules (Figure 8b) no longer existed while the macrocyclic structures
in FePc molecules remained in synthesized catalyst, we can consider that FePc molecules
got rid of all the H atoms through a pyrolysis process when heated at 450 °C. In other
words, the sublimation and getting rid of all the H atoms took place at the same time when
heated at 450 °C. It can be speculated that unstable segments (Figure 8c) were formed
in the space around FePc powders during the synthesizing process. In order to reach a
comparatively stable state, the unstable segments mutually self-assembled in the space
to form self-assembly units. Subsequently, the self-assembly units fell on the substrate
(G/Cu) by flowing Ar gas and crystallized on the surface of the monolayer graphene to
form catalysts.
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Figure 8. (a) Thermogravimetric analysis (TGA) curve of FePc powder; (b) ball and stick model of FePc molecule; (c) ball
and stick model after getting rid of the H atoms in FePc molecule.

3.5. Proposed Forming Mechanism

On the basis of the analyses of TGA curves, SEM, HRTEM, XRD, XPS, and Raman,
we can reasonably explain the effect of the pressure and temperature on the morphology
of the catalysts as follows (Figure 9). As shown in Figure 9a, the pressure in the tube
furnace notably affected the sublimation of FePc molecules when heating FePc powders at
450 °C. Compared with low pressure (10 torr), high pressure (500 torr) seriously inhibited
the sublimation process of FePc powders, resulting in a huge difference in the numbers
of sublimated FePc molecules. The sublimated FePc molecules got rid of the H atoms
in FePc molecules and unstable segments generated in the space around FePc powders.
Subsequently the unstable segments were driven to the place where the G/Cu substrate
was by flowing argon gas and nucleate on the surface of the monolayer graphene in G/Cu
substrate. As shown in Figure 9b, the numbers of the crystal nucleus formed under pressure
500 torr condition were much less than that formed under pressure 10 torr condition,
which was caused by the huge difference in the numbers of the unstable segments. As
shown in Figure 9¢, a large amount of crystal nucleus grew up to form the nanorods
of the catalyst along the direction perpendicular to the surface of the substrate under
the pressure 10 torr condition, producing Fe-N—-C-r catalysts. On the contrary, the high
pressure (500 torr) changed the growing direction of the crystal nucleus to the direction
along the surface of the substrate, forming Fe-N-C-f catalyst. Figure 9c also exhibits that
the key factor controlling the formation of nanorod-shaped or nanogranule-shaped catalyst
at low pressure (10 torr) was the temperature of G/Cu substrate. At low pressure (10 torr),
the existence of great amounts of unstable segments made the nucleation easy to process.
High temperature (110 °C) made the unstable segments more energic to regularly array
into the crystal structure, resulting in the crystal nucleus growing into nanorod with much
better crystallinity. Low temperature (70° C) was not sufficient to support the crystal
nucleus fully growing up, and therefore Fe-N-C-g catalyst formed. The low temperature
(70 °C) and high pressure (500 torr) greatly restricted the mobility of the unstable segments,
resulting in the worst crystallinity for Fe-N-C-f catalyst.
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Figure 9. Schematic view of the forming process for the catalysts under different temperature and pressure conditions.

4. Conclusions

The catalysts with three kinds of morphology, nanorod (noted as Fe-N—C-r), nanofiber
(noted as Fe-N—-C-f), and nanogranule (noted as Fe-N-C-g), were synthesized through
the unique organic vapor deposition technology developed in our lab. The high pressure
notably inhibited the sublimation of FePc molecules and made the nucleation difficult,
resulting in a filiform growth of the catalyst along the surface of the substrate and poor
crystallinity. In contrary, the low pressure promoted the sublimation and followed nucle-
ation, resulting in a rod-shaped growth of the catalyst along the direction vertical to the
surface of the substrate and high crystallinity. The growth of the catalyst at low pressure
depended on the temperature. Low temperature decreased the mobility of the molecules,
making the growth unsustainable and forming granule-shaped catalyst. SEM, HRTEM,
and XRD analyses demonstrated that the crystal structure of catalysts Fe-N-C-r, Fe-N-C-f,
and Fe-N-C-g were the same, which was totally different from that of FePc powders, the
precursor. Synthesized catalysts possessed a layer structure with two kinds of new bonds
not existing in FePc structure, involving the bonds between Fe(Il) and the N atom in the
adjacent layer as well as the bonds between the C atoms originally bonding with the H
atom in different FePc molecules. At the end of the article, the formation mechanisms
of three types of catalysts were proposed, which can reasonably explain the effects of
temperature and pressure. Such research can help the design of future catalysts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/1/109/s1, Figure S1: Surface morphology obtained by deposition at 10 torr with different
temperatures for half an hour (a) 50 °C (b) 70 °C (c) 90 °C (d) 110 °C (e) 130 °C (f) 150 °C; Figure S2:
Surface morphology obtained by deposition at 110 °C, 10 torr with different growth time (a) 1 min
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