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29 ABSTRACT

42 The high cost of platinum based electrocatalysts for the oxygen reduction reaction (ORR) has
hindered the practical application of fuel cells. Thanks to its unique chemical and structural
47 properties, nitrogen doped graphene (NG) is among the most promising metal-free catalysts for
49 replacing platinum. In this work, we have developed a cost effective synthesis of NG by using
cyanamide as a nitrogen source and graphene oxide as a precursor, which led to high and
54 controllable nitrogen contents (4.0% to 12.0%) after pyrolysis. NG thermally treated at 900 °C

56 shows a stable methanol cross-over effect, high current density (6.67 mA c¢m™) and durability (~
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87% after 10,000 cycles) when catalyzing ORR in alkaline solution. Further, iron (Fe)
nanoparticles could be incorporated into NG with the aid of Fe(Ill) chloride in the synthetic
process. This allows one to examine the influence of non-noble metals on the electrocatalytic
performance. Remarkably, we found that NG supported with 5 wt% Fe nanoparticles displayed
an excellent methanol cross over effect and high current density (8.20 mA cm™) in an alkaline
solution. Moreover, Fe incorporated NG showed almost four-electron transfer processes and
superior stability both in alkaline (~ 94%) and acidic (~ 85%) solutions, which outperformed the

platinum and NG-based catalysts.

KEYWORDS: graphene oxide, nitrogen doped graphene, iron coordination, oxygen reduction

reaction, stability

The cathodic oxygen reduction reaction (ORR) plays a crucial role in electrochemical energy
conversion in fuel cells.! Platinum based materials have long been used as active catalysts for
the ORR; however, these noble metal catalysts hinder widespread commercialization of fuel cells
due to their high cost, sluggish electron transfer kinetics and limited supply.>* Moreover, during
a long term electrochemical process, Pt-based catalysts generally suffer from surface oxide
formation, particle dissolution and aggregation in alkaline electrolytes.™® Therefore, numerous
efforts have been devoted to finding a suitable substitute for Pt-based catalysts including
nitrogen doped carbon nanotubes,”” mesoporous graphitic arrays'® and non-precious transition
metal catalysts (such as iron or cobalt coordinated to nitrogen doped carbons).'"'> The
advantages of these alternative catalysts include low cost, excellent electrocatalytic activity, long
durability and an environmentally benign character. In general, the transition metal catalysts can
be synthesized by pyrolyzing precursors containing nitrogen, Fe or Co salts and macrocyclic

compounds (like Co(Il) or Fe(Il) phthalocyanine or methoxyphenyl porphyrin) adsorbed on
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carbon black (CB)."*'® However, when the pyrolysis temperature is higher than 800 °C,
gasification of CB occurs, especially in the presence of NHjs; this results in mass loss of carbon
and consequently shortens the lifespan of these catalysts.'”'® Although the nature of nitrogen
atoms in nitrogen doped carbon materials and the catalytically active sites in metal-nitrogen-
carbon (M-N-C) remain controversial,'”?* both quantum mechanical calculations®' and
experimental investigations™ indicate that pyridinic and/or graphitic nitrogen moieties play an

essential role in catalyzing the ORR.”

Graphene is a monolayer of carbon atoms arranged in a two-dimensional honeycomb network. It
shows many intriguing properties such as high surface area,” excellent electrical conductivity,”
and high thermal and chemical stability.?® Recently, nitrogen doped graphene (NG) has been
shown to possess high electrocatalytic activity and long-term operational stability when
catalyzing the ORR.?’ The high surface area of NG results in many active sites for coordination
with Fe or Co, which may lead to enhanced electrochemical performance and hence improve
catalysis of the ORR. However, there are only a handful of studies on the preparation of NG

2829 ysing an ammonia plasma,’’

including: treating graphene in ammonia at high temperature,
and growth of NG on Ni substrates by chemical vapor deposition (CVD).?” All these processes
require vacuum conditions and are difficult to scale up, which limits the practical use of NG.

Therefore, an expeditious method to fabricate NG with controllable nitrogen moieties and high

surface area is highly desirable.

Herein, we report the facile synthesis of NG by immobilizing graphitic carbon nitride (CN) on
graphene sheets to form a carbon nitride-graphene composite (CN-G). The CN-G composite is
then subjected to thermal treatment, leading to the decomposition of CN and thereby introducing

nitrogen moieties into graphene. In this way, NG sheets with nitrogen content from 4.0% to
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12.0% can be obtained by controlling the pyrolysis temperature. Furthermore, NG infused with
iron nanoparticles (NG/Fe) can be synthesized by the addition of iron salts (e.g. FeCls) into the
CN-G. We show that NG containing 5 wt% Fe exhibits high electrocatalytic activity, low onset
potential, excellent methanol cross over effect and long-term stability in oxygen reduction
reactions in both acid and alkaline solutions. These traits represent clear advantages over

commercially available Pt-based electrodes (30 wt% Pt on Vulcan XC72).
RESULTS AND DISCUSSION

The synthesis of NG is illustrated in Figure 1. In the first step, graphene oxide (GO) was
modified by a surfactant (sodium dodecylbenzenesulfonic acid, SDBS) to enhance the dispersion
of GO in water. Afterwards, cyanamide (4 mL) was added dropwise into the GO (1 mg/mL)
solution (see Experimental section for details). The mixture was then heated to 100 °C,
continuously stirring, to remove water. Subsequently, the resultant solid powder was annealed at
550 °C under an argon flow for 4 h to trigger the thermal condensation of cyanamide, providing
polymeric CN.?! Further heat treatment of the CN-G at 800, 900 and 1000 °C gave rise to CN
decomposition, and thereby generated NG. For simplicity, the samples are denoted as NG-800,

NG-900 and NG-1000 respectively.

The morphology and structure of CN-G were first investigated by transmission electron
microscope (TEM) and scanning electron microscope (SEM). CN without incorporation of
graphene sheets shows a typical slate like morphology,’* while CN-G becomes crumpled (Figure
ST1) due to the adsorbed cyanamide on graphene, which undergoes polymerization under thermal
treatment. As indicated in Figure 2a, graphene sheets were not distinctively visible in CN-G due

to the thick layer of CN adsorbed on graphene surface. The XRD patterns of CN, which stacks
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like graphite with a tri-s-triazine unit, feature two diffraction peaks at around 27.2° and 13.1°.%!
After the introduction of graphene, the unchanged XRD pattern suggests that graphene sheets are

homogeneously distributed in CN without disrupting their solid state packing (Figure 2b).

Thermogravimetric analysis (TGA) of CN-G containing 5.0 wt% of graphene reveals that weight
loss starts at around 600 °C (Figure S2), which can be assigned to the decomposition of CN.
After treatment at 800 °C, a total ~ 95% weight loss of the composite suggests that only
graphene remains. TEM images (Figure 2c¢ and S3) of the NG-800, NG-900 and NG-1000
demonstrate transparent graphene sheets without the presence of any residual CN. A Brunauer-
Emmett-Teller (BET) surface area of 508 m”> g”' for NG-900 (Figure S4) is obtained, which is
higher than that of NG produced by other methods.**”* In addition, a narrow pore-size
distribution centered at about 3.1 nm and a total pore volume of 3.674 cm’ g, can be derived

from the adsorption branch of the isotherms based on the Barrett-Joyner-Halenda (BJH) model.

To probe the chemical composition and content of nitrogen in NG, X-ray photoelectron
spectroscopic (XPS) measurements were carried out on NG-800, NG-900 and NG-1000 (Figure
2d and S5). As shown in Figure 2d, the survey spectra of NG samples reveals the presence of C,
O, and N and a nitrogen content of 12.0, 5.0, and 4.0% in NG-800, NG-900 and NG-1000,
respectively. This is consistent with the values determined by elemental analysis (Figure S5).
Furthermore, absence of an S 2p peak at 165.0 eV (Figure S5e) indicates that the surfactant
(SDBS) was completely decomposed upon pyrolysis. The C 1s peaks for the NG samples (Figure
S6a) center at approximately 284.6 eV and are slightly asymmetric. This is a common effect for
nitrogen doped carbon materials.”> The width of the C 1s peaks become smaller as the pyrolysis
temperature increases from 800 to 1000 °C, suggesting enhanced graphitization at higher

temperature. This result is further supported by the Raman spectrum (Figure S7); the G band
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becomes sharper and the intensity ratio of the G to the D band (Ig/Ip) increases.*® Analysis of N
Is spectra reveals the presence of pyridinic- and graphitic- nitrogen corresponding to binding

2 1In addition, the reaction between

energies of 398.4 and 401.0 eV, respectively (Figure S6).
oxygen containing groups in GO and nitrogen species during the synthesis results in the
formation of pyridinic N'-O" at 402.0-404.0 eV.’” In NG-800, pyridinic-N is more prevalent
than graphitic-N, with content of 7.92% and 3.45%, respectively (Figure 3a). Upon raising the
pyrolysis temperature to 900 and 1000 °C, the overall nitrogen content decreases dramatically.
Interestingly, the pyridinic-N content largely drops to 1.47% at 900 °C and 1.14% at 1000 °C,
whereas the graphitic-N slowly decreases. However, the content of graphitic-N is higher than
that of pyridinic-N at 900 and 1000 °C. Furthermore, the ratio of graphitic-N to pyridinic-N
content in NG-800, NG-900 and NG-1000 shows significant differences (i.e. 0.44, 1.73 and 1.66,
respectively). A slight increase in pyridinic N'-O" is observed from NG-800 to NG-900, but
remains unchanged in NG-1000. This type of nitrogen species does not significantly contribute
to the ORR performance and is unstable under fuel cell operating conditions.*® Therefore, such
different amounts of nitrogen bonding configurations in NG samples is expected to play a crucial
role for the ORR electrocatalytic performances.” The X-ray diffraction (XRD) of NG samples in
Figure S8 shows a pronounced broad peak at 26.1°, attributable to the m-stacking of graphene
sheets.”” The absence of a diffraction peak at 13.1° also suggests that CN is successfully
removed upon pyrolysis. The N-doping may lead to an increased interlayer spacing in NG*’ and

as the nitrogen content decreases from NG-800 to NG-1000, the diffraction peaks become

sharper.

The electrocatalytic activity of NG for the ORR was first examined — in a 0.1 M KOH solution

saturated with argon or oxygen — by cyclic voltammetry (CV) at a scan rate of 100 mV s™. As
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shown in Figure 4a, featureless voltammetric currents within the potential range of -1.2 to +0.2 V
were observed for NG-900 in the argon saturated solution (dotted curve). In contrast, when the
electrolyte was saturated with O,, a well-defined cathodic peak centered at -0.16 V was detected,
suggesting pronounced electrocatalytic activity of NG-900. A possible cross over effect in NG-
900 and Pt/C against the electrooxidation of methanol in O, saturated 0.1M KOH in the presence
of methanol (3.0 M) was also detected. The Pt/C shows a pair of peaks at -0.15 V and -0.08 V
corresponding to methanol oxidation, whereas the cathodic peak for the ORR disappears (Figure
4b). In contrast, no noticeable change was seen in the oxygen reduction current on NG-900 under
the same experimental conditions (Figure 4a), suggesting high selectivity and good stability of

NG-900 for the ORR with respect to Pt/C.

To further evaluate the electrocatalytic activity of NG, both rotating ring disk electrodes (RRDE)
and rotating disk electrodes (RDE) were employed. Figure 5a shows the steady state
voltammograms for different NG samples loaded on a glassy carbon electrode in O, saturated 0.1
M KOH. The corresponding ring current (/r) for the oxidation of hydrogen peroxide ions (HO;")
was measured with a Pt ring electrode with a potential of 0.50 V. The electron transfer number
per oxygen molecule involved in the ORR of the NG-800, NG-900 and NG-1000 electrode was
calculated to be 3.35, 3.70 and 3.48, respectively. The calculation used Eq. 17 and a potential of -

0.4V
I’l:4ID/([D+[R/N) (1)

where N = 0.36 is the collection efficiency, Ip is the disk current, and /g is the ring current. The
lower ring current of NG-900 compared to NG-800 and NG-1000 suggests that a lower amount

of HO; reached the ring electrode under increasing negative potentials. The onset potential of

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Nano

NG-900 was determined to be -0.03 V, which is close to that identified from CV measurements
(-0.04 V, Figure 5a). Different from a Pt/C electrode, the NG-900 electrode showed an enhanced

steady-state diffusion current over a large potential range.

The current density (Jx) of the NG samples was analyzed by RDE and calculated on the basis of

the Koutecky-Levich equations [Eq. (2) — (4)].10

1 1 1 1 1
—=— =t — )
J J, J, Bo"" J,

B =0.62nFC,(D,)*" v "' 3)
Jy =nFkC, 4)

where J is the measured current density, Jx and J are the kinetic and diffusion limiting current
densities, w is the angular velocity of the disk (w = 2nN, N is the linear rotation speed), n is the
overall number of electrons transferred in the oxygen reduction, F is the Faraday constant (96485
C mol™), Cy is the bulk concentration of O,, v is the kinematic viscosity of the electrolyte, and k

is the electron transfer rate constant. The Koutckey-Levich plot of J' vs. o'

at a potential of -
0.40 V on the NG-900 electrode exhibited good linearity (Figure 5c). As shown in Figure 5d, the
calculated Jx value of 6.67 mA cm™at -0.40 V is much higher than that of Pt/C (4.76 mA cm™ at
-0.40 V), and is comparable or even higher than previous reports on nitrogen doped graphene,
CNTs, and other types of carbon materials.”””***! In association with the XPS and
electrochemical results described for NG-800, NG-900 and NG-1000, the content of pyridinic-N

among the different nitrogen species does not play a significant role in the performance of the

ORR. In contrast, the electrochemical performance is dependent on the content of graphitic-N,
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for which a higher ratio of graphitic-N over pyridinic-N in NG-900 than NG-800 and NG-1000

might be responsible for the high catalytic performance."

It has been reported that the pyridinic nitrogen enriched carbon material can be favorable for the
fabrication of Fe-N-C based catalysts.** Given that the present synthetic approach offers a high
content of pyridinic-N sites in the CN-G composite, one can expect that the introduction of Fe
salts to CN-G will lead to an incorporation of Fe nanoparticles into NG and provide efficient
coordination between Fe and pyridinic-N. Towards this end, NG decorated with Fe nanoparticles
was prepared by mixing FeCl; with the precursors GO and cyanamide, followed by subsequent
thermal treatment at 900 °C (Figure S9). The detailed procedure can be found in the
experimental section. NG samples with different Fe content were prepared in this work and are

denoted as NG/Fex (where x = 2.0, 5.0, 10.0 and 15.0 wt%).

Figure 6a shows the XRD pattern of NG/Fes . The diffraction peak at 42.8° is characteristic for
Fe (110). In addition, HRTEM images display the presence of small (2-4 nm) crystalline Fe
nanoparticles on NG. They also show a lattice d-spacing of ~ 0.23nm, which is slightly higher
than the standard value of 0.203 nm (JCPDS database) (Figure 6b and c). The larger d-spacing
might be attributed to Fe nanoparticles incorporated into the nitrogen lattice, which enlarges the
lattice constant.”> The presence of N and Fe in the composite can be further validated by the
corresponding energy dispersive X-ray (EDX) analysis (Figure 6d). Increasing the Fe content to
15.0 wt% (i.e. NG/Fe;sp) results in the agglomeration of ~ 50 nm Fe nanoparticles. In contrast,
no large nanoparticles were visible in NG/Fes (Figure S10a,b). The XPS survey spectra of
NG/Fesy shows the presence of Fe 2p and Fe 3p, in addition to N 1s, C 1s and O 1s peaks
(Figure S11). Unfortunately, the Fe 3p peak (~ 52-56 eV) is too weak to determine the valence

state of Fe.
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The catalytic properties of NG/Fe, samples were first assessed with cyclic voltammetry in a 0.1
M KOH solution. The NG/Fes shows a featureless voltammetric current within the potential
range of -1.2 to +0.2 V in an Ar-saturated alkaline solution (Figure S12). Saturating the
electrolyte with O, results in a well-defined cathodic peak at ~ 0.20 V. Similar to NG-900,
NG/Fesy did not show any change in the oxygen reduction current in an O, saturated alkaline
solution in the presence of 3.0 M methanol, making the catalyst very stable against crossover
effects. However, two additional peaks were observed at -0.61 and -0.93 V, which are associated
with the redox reaction of the iron nanoparticles.” Figure 7a shows the RRDE polarization curves
of NG/Fex composites supported on a glassy carbon electrode in O, saturated 0.1 M KOH. The
electron transfer number for NG/Fe, samples, at the potential of -0.4 V, was calculated to be
3.79, 3.91, 3.80 and 3.79 for the NG/Fe, o, NG/Fes o, NG/Fe oo and NG/Fe,s, respectively. All
samples of NG loaded with Fe nanoparticles greatly enhanced the electrochemical performance
leading to four electron transfer processes in the ORR. Although the onset potential for the ORR
at the NG/Fes electrode was similar (i.e. -0.04 V) to that of Pt/C, the reduction current was
significantly higher (Figure S12). As shown in Figure 7b, the calculated current density (Jk)
value of NG/Fe, o, NG/Feso, NG/Fejoo and NG/Feso is 3.57, 8.20, 7.69 and 5.26 mA cm'z,
respectively. This result suggests that increasing the Fe content leads to an increase in the
concentration of active catalytic sites until all pyridinic-N is coordinated (at 5.0 wt%).**
Increasing the Fe content from 5.0 wt% to 10.0 and 15.0 wt% produces uncoordinated metal
particles (Figure S10) which do not provide additional catalytic sites.* Therefore, no
enhancement of the current density or electron transfer number was observed for NG/Feo and
NG/Fejsp. It is remarkable to note that NG/Fes has a current density almost two times higher

than Pt/C (4.76 mA cm™). This suggests that incorporating Fe nanoparticles into NG provides a

10
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synergistic coupling between Fe and NG that results in an outstanding electrocatalytic

performance compared to Pt/C and NG-900.

Another set of NG/Fe, samples were prepared by treatment at 800 °C and 1000 °C. Figure S14
shows the summarized results of electron transfer number and Jx values obtained from both
RRDE and RDE. The catalytic performance of NG/Fes, (at 800 °C) is lower than that of the
samples prepared at 900 °C (Figure S13a). Surprisingly, NG/Fes prepared at 1000 °C (Figure
S14b) showed a higher electron transfer number and Jx than samples prepared at 800 °C and
slightly lower values than NG/Fes, prepared at 900 °C. This result suggests that the oxygen
reduction reaction rate increases with heat-treatment temperature of the catalysts, reaching a
plateau at < 1000 °C.***" Thus, it can be concluded that the higher content of pyridinic-N alone
(by lower temperature treatment) does not necessarily result in high catalytic performance. In
addition, the temperature for catalyst preparation plays an important role in the synergistic

coupling between Fe and nitrogen components in the composites.

Furthermore, NG/Fex composites also showed high ORR activity in acidic solution. Both RRDE
and RDE measurements were carried out in 0.5 M H,SOy4 solution (Figure 7c and d). All the NG
samples containing Fe again showed higher electron transfer numbers compared to NG samples
at the potential of 0.2V vs. Ag/AgCl. At 1600 rpm, the NG/Fes showed a maximum Jx of about
1.47 mAcm™ with almost four-electron transfer (n= 3.82) processes and the lowest onset
potential (0.47V vs. Ag/AgCl) of all tested electrodes. The catalytic activity order of the NG/Fey
catalysts in acidic medium was the same as that in alkaline medium, but they showed much

higher current density in the alkaline solution.

11
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To examine the influence of any un-coordinated Fe nanoparticles (i.e. Fe residues) in the NG/Fey
composites on the electrocatalytic performance, NG/Fes was first treated in 2M H,SO4 at 80 °C
for 3 h and again subjected to ORR measurements in alkaline and acidic solutions. Remarkably,
the acid treated NG/Fes, showed almost same ORR catalytic activity and a similar onset
potential, electron transfer number, and current density in both acidic and alkaline media (Figure

8). This result shows that Fe residues do not significantly contribute to the ORR performance.

The stability of NG-900, NG/Fes, and Pt/C electrodes toward the ORR was first examined by
continuous potential cycling between +0.2 to -1.2 V in O, saturated 0.1M KOH for 10,000 cycles
(Figure S13). As indicated in Figure S15a, the deterioration of the Pt/C electrode resulted in a ~
58% drop in current density. In contrast, NG-900 and NG/Fes electrodes showed only a slight
decay of current density — ~ 13% and ~ 6% at -0.15 V, respectively (Figure S15b and c). The
voltammetric response of the two electrodes also remained unchanged after the continuous
potential cycles. In addition, the NG/Fesy showed only ~ 15% decay in the current density (at
0.38V) in acidic medium after 10,000 cycles (Figure S12d). These results show that NG/Fes

exhibited superior durability over Pt/C based catalysts.

CONCLUSION

In summary, we report a facile and scalable method to prepare NG to catalyze the ORR in a fuel
cell. The prominent features of synthesized the NG include high nitrogen content, high surface
area, high electrocatalytic activity, and superior durability. The incorporation of Fe nanoparticles
into the NG results in significantly enhanced performance of graphene based catalysts. These
NG/Fx catalysts feature the almost four electron transfer processes, high current density, and

superb stability. They also outperform Pt/C towards ORR in both in acidic and alkaline media. In

12
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addition to their promising application as fuel cell catalysts, we anticipate that NG with and
without metal nanoparticles will provide broad applications in the field of lithium ion batteries,

sensors, field-effect transistors and supercapacitors.

Experimental Section

Synthesis of GO, NG and NG/Fe, composites: Graphite oxide was prepared from natural
graphite by a modified Hummers’ method.*® Graphene-carbon nitride (G-CN) composites were
prepared by electrostatic interaction between anionic surfactant modified graphene oxide (GO)
and cyanamide precursor for synthesizing carbon nitride (CN). In a typical synthesis, 0.1g of the
surfactant sodium dodecylbenzene sulfonic acid (SDBS) was mixed with 100 mL of GO
dispersion (1 mg/mL) in water and sonicated for 30 min. Then, 4 mL of cyanamide solution (50
wt% in water) was added dropwise. The mixture was then stirred continuously and heated at 100
°C to remove water. The resulting solid was calcined in two different steps. In the first step, the
solid products were heated to 550 °C at a rate of 2 °C/min and tempered at this temperature for
another 4 h to form CN.*' To prepare NG, the resulting CN-G composites were further heated to
800, 900 and 1000 °C. All the sample annealing and cooling processes were carried out under
argon flow. For comparison, undoped and reduced GO (rGO) was also prepared by pyrolyzing

pure GO under the same annealing processes.

Composites of NG with iron nanoparticles were synthesized by adding the desired amount (i.e. 2,
5, 10 and 15 mg) of FeCls to 100 mg of GO solution (1 mg/mL) and sonicating the mixture for 1
h. The content of Fe (i.e. 2.0, 5.0, 10.0 and 15.0 wt%) in the composites was calculated with
respect to the total mass of GO into the solution. Then 4 mL of cyanamide solution was added

dropwise. The reaction mixture was then heated at 100 °C with continuous stirring to remove

13
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water. The resulting solid was then calcined at 550 °C for 4 h to form CN and then pyrolysed
separately at 800, 900 and 1000 °C for 1 hr to decompose the CN. All the annealing processes

were carried under argon atmosphere.

Characterization: The morphology and microstructures of the samples were investigated by
HRTEM (Philips Tecnai F20), TGA (Mettler TG 50), XRD (Bruker D4 X-ray scattering system
with Ni filtered Cu Ka radiation). Raman spectra were recorded with a Bruker RFS 100/S
spectrometer. Nitrogen sorption isotherms and BET surface areas were measured at 77 K with a
Micromeritcs Tristar 3000 analyzer (USA). The chemical composition was analyzed by XPS
with an Omicron Multiprobe spectrometer using Al K, radiation. For these measurements CN-G
composites were ultrasonicated in ethanol and then casted and dried at ambient conditions on Au
substrates (30 nm Au films thermally evaporated on Cr-primed Si wafers, Georg-Albert PVD-
Coatings). XPS binding energies were referenced to the Au 4f;, peak (84.0 eV). Elemental
chemical ratios in CN-G composites were calculated from areas of the XP peaks. The
calculations assumed a homogeneous distribution of elements in the samples and normalized the
peak areas with Scofield sensitivity factors and electron attenuations lengths evaluated from the
Laibinis expression. For the analysis of N1s spectra a Shirley background subtraction procedure
was employed and symmetric Voigt functions (90 % of Gaussian character) were used for fitting.

All fits were self-consistent.

Electrocatalytic activity evaluation: The ORR activity and four-electron selectivity of the
nitrogen doped graphene samples were evaluated using a rotating disk electrode (RDE) and a
rotating ring disk electrode (RRDE), respectively. RDE/RRDE measurements were performed
using CHI Electrochemical Station (Model 760D) in a conventional three-electrode

electrochemical cell. Platinum wire and an Ag/AgCl, KCl (3M) electrode were used as the

14

ACS Paragon Plus Environment

Page 14 of 30



Page 15 of 30

©CoO~NOUTA,WNPE

ACS Nano

counter and reference electrode, respectively. The preparation of a glassy carbon working
electrode (5 mm in diameter) is as follows: prior to use the working electrode was polished
mechanically with 0.05 um alumina slurry to obtain a mirror like surface, then washed with Mill-
Q water and acetone and allowed to dry. 1 mg of the prepared NG sample was dissolved in a 1
mL solvent mixture of Nafion (5 wt%) and water (V:V ratio = 1:9) using sonication. For
comparison, a commercially available catalyst of 30 wt% Pt supported on black carbon (fuel cell
grade) was used and a 1 mg/mL Pt/C suspension was prepared according to the same procedure
described above. The electrodes were allowed to dry at room temperature before the

measurement. This leads to a catalyst (NG samples or Pt/C) loading of 50.91 pg cm™.

The RRDE experiments were carried out in an O, saturated 0.1 M KOH solution. The potential
was varied from +0.2 to -1.2 V at a potential sweep of 10 mVs™; the ring potential was set to 0.5
V. First, the potential range was cyclically scanned between-1.2 and +0.2 V at a scan rate of 100
mV s at ambient temperature after purging with O, or Ar gas for 15 min. Then the RRDE
experiments were performed. RRDE experiments in acidic conditions were performed in an O,-
saturated 0.5M H,SO4 solution within the potential range of + 0.8 to -0.2V at a potential sweep

of 10 mVs™ and a ring potential of 1.0 V.

Acknowledgement: This work was financially supported by the Max Planck Society through the
program ENERCHEM, DFG Priority Program SPP 1459, BMBF LiBZ Project, BMBF
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Supporting Information Available: SEM, TGA of CN and CN-G samples; HRTEM, BET, XPS

of Cls, Nls and S 2p spectra, Raman characterizations of NG; synthetic scheme, TEM, XPS
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spectra and electrochemical characterizations of NG/Fex samples. This material is available free

of charge via the Internet at http://pubs.acs.org.
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Figure 1: Preparation of NG for ORR.
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Figure 2: (a) TEM image and (b) XRD pattern of CN and CN-G composite, (c) TEM image of

CN-G composite after pyrolyzing at 900 °C (i.e. NG-900) and (d) XPS survey of NG samples
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Figure 3: (a) The content of three types of nitrogen in NG, (b) Schematic representation of NG.
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Figure 4: Cyclic voltammograms of (a) NG-900 and (b) Pt/C at a scan rate of 100 mV ¢cm™ in O,

or Ar-saturated 0.1M KOH solutions as well as Oj-saturated 0.1M KOH solution with 3M

CH;OH.
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Figure 5: (a) RRDE voltammetric response for the ORR in O, saturated 0.1M KOH at a scan rate
of 10 mVs™. The electrode rotation rate was 1600 rpm and the Pt ring electrode was polarized at
0.5 V; (b) RDE voltammograms recorded for NG-900 supported on a GC electrode in an O,-
saturated 0.IM KOH solution at a scan rate of 10 mVs™ and different rotation rates; (c)
Koutecky-Levich plot of J' vs. @™/ at -0.4 V obtained from (b); and (d) Electrochemical activity
given as the kinetic-limiting current density (Jx) at -0.4 V for Pt/C, rGO, and all three NG

electrodes.

ACS Paragon Plus Environment 26

Page 26 of 30



Page 27 of 30 ACS Nano

g
b
i

©CoO~NOUTA,WNPE
]

Intensity (a.u.)

a.u.)

f
l

ounts (
(2]
=

C

ou

T i Fe-lfe
- L e A m -‘.‘A‘ T
0 1 2 3 4 5 6 7

nergy (keV)

10

Il
oo
©

44 Figure 6: (a) XRD pattern of NG/Fes( composite, (b) TEM image of NG/Fes with particle size
46 distribution of the area indicated by small red line (inset), (¢) HRTEM images of NG/Fes
49 showing the presence of crystalline Fe nanoparticles (indicated by arrows) on NG; and (d)

51 corresponding EDX spectra of NG/Fes .

ACS Paragon Plus Environment 27



©CoO~NOUTA,WNPE

ACS Nano Page 28 of 30

(@) Tane= _ 1 (b) e
- 7 : C—
Sk /] el L
o A/ E L
§ l//’:/ // ——NGlFe,, < 4
‘%_, -3 S /’//:‘ NG"Fes.o :=;(

5
< pa —
‘;_’ -1.0 “'SV _/5/ _
‘: 28 =
2

L=-_ _3.5 3
3

Figure 7: (a) RRDE polarization curves of NG/Fey samples in O, saturated 0.1M KOH at a scan
rate of 10 mVs™ and 1600 rpm electrode rotation rate; (b) Electrochemical activity given as the
kinetic-limiting current density (Jx) of the NG/Fey series supported on GC electrodes at -0.4 V;
(c) RRDE curves of NG and NG/Fe series in O,-saturated 0.5M H,SOy, at a scan rate of 10 mVs’
"and 1600 rpm electrode rotation rate; and (d) Electrochemical activity given as the kinetic-

limiting current density (Jx) of NG and NG/Fey series supported on GC electrodes at 0.2 V. The

electron transferred number (n) in (b) and (d) was obtained from RRDE.
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Figure 8: RRDE polarization curves of purified and unpurified NG/Fes o in O,-saturated (a) 0.1M

KOH and (b) 0.5M H,SO4 solution at a rotation rate of 1600 rpm.
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