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Abstract

Exploring low-cost and highly efficient non-precious metal electrocatalysts toward
oxygen reduction reaction is crucial for the development of fuel cells. Herein, we
report the synthesis of bamboo-like N-doped carbon nanotubes with encapsulated
Fe-nanoparticles through high-temperature pyrolysis of multiple nitrogen complex
consisting of benzoguanamine, cyanuric acid, and melamine. As-prepared catalyst
exhibits high catalytic activity for oxygen reduction with onset potential of 1.10 V and

half-wave potential of 0.93 V, as well as low®] yield (< 1%) in alkaline medium.
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The mass activity of the catalyst at 1.0 V (0.5 A can reach 43% of state-of-the-art
commercial Pt/C. This catalyst also exhibits higlradbility and ethanol tolerance.
When it was applied in alkaline membrane direcaeth fuel cell, the peak power
density could reach to 64 mW @nindicating its attractive application prospect in

fuel cells.

1. Introduction

Oxygen reduction reaction (ORR) is an important ctiea in various
electrochemical energy conversion and storage dsdach as fuel cells and metal-air
batteries. The kinetics of ORR is very sluggistd has to be accelerated by Pt-based
electrocatalysts. However, the high cost and loundlance of Pt severely impede the
large-scale applications of above electrochemicedrgy devices. It is critical to
design efficient ORR electrocatalysts based on precious metals (NPM) [1-6].
Recently, carbon-based nanomaterials with hetemoaiaping (e.g., Fe, N, S, P and F)
have been considered as promising NPM catalystsplace Pt-based electrocatalysts
for ORR [3, 7-12]. Among them, nitrogen-doped carbanotubes (CNTSs), especially
CNTs with encapsulated Fe nanopatrticles have tdttagreat interests [2, 3, 13-16].
For example, Deng et al reported that Fe encamsulaithin pod-like CNTs had
shown considerably high catalytic activity for ORE5]. The catalytic activity was
attributed to the electron transfer from Fe nantigdas to the CNTs leading to a
decreased local work function on the carbon surfsteanwhile, the carbon shells
avoid the direct contact of Fe nanopatrticles widinsh environments including acid

medium, oxygen, and sulfur contaminations, so ttied, catalyst has a rather high



stability [15]. Nevertheless, the catalytic actvand stability of carbon-based NPM
electrocatalysts do not satisfy the requiremengrattical applications yet, especially
in acidic proton exchange membrane fuel cell (PEB)FQue to metal active sites
leaching, protonation of nitrogen active specieg.(@yridinic N), and carbonaceous
corrosion [17-20]. In contrast, carbon-based NPRalgats exhibit considerably high
ORR activity and stability in alkaline medium [21-26]. However, their applications
are limited by the poor performance of alkaline rbeame, as well as slow mass
transfer in catalyst micropores where most of #gtigites are located. Recently,
substantial progress has made in alkaline aniohasmge membrane (AEM) [27-29],
therefore, exploring the applications of carbondabNPM catalysts in AEM fuel cells
has attracted great interests.

In direct alcohol fuel cells (DAFCs), noble metalsed ORR catalysts are
susceptible to alcohol crossover from anode toatkhresulting in the decrease in
cell voltage and fuel efficiency. In this respeliVIP catalysts are desirable, because
they are insensitive to alcohols. That is, fuelssmver cannot reduce the ORR
performance of NMP catalysts [23, 30]. In additidhe Pt loading of DAFCs is
usually one order of magnitude higher than thads0D, PEMFCs. It is economically
significant to replace Pt-based catalysts with N&dthlysts for ORR in the DAFCs
[31, 32].

In this study, we synthesized nitrogen-doped canimotubes with encapsulated
Fe nanopatrticles by using multiple nitrogen comg@exitrogen precursor, and FegCl

as an iron source through high-temperature pyralyge multiple nitrogen complex



was prepared from benzoguanamine (Bg), cyanurid @A) and melamine (M).
As-synthesized catalyst has bamboo-like structutk large diameter (50-200 nm),
and high mesopore surface area (556gi) that facilitates the accessibility of
active-site and mass transfer. As a result, thalysdtexhibits high ORR activity (0.58
A g'@1.0V) and durability, as well as high ethanol tafee in alkaline solution.
When the catalyst was applied in alkaline AEM direthanol fuel cell (DEFC), the
peak power density could be as high as 64 mW.cm
2. Experimental
2.1 Chemicals and materials

Benzoguanamine (99%), cyanuric acid (99%), and me (99%) were
purchased from Alfa Aesar. Pt/C (20 wt% Pt, Alfasas, sulfuric acid (suprapur
96.0%, Merck), Ketjenblack EC600J (KJ600, Akzo Npb&afion (D520, 5%,
Dupont) and sodium hydroxide (NaOH, 98.0%, Sigmdrish), were used as
received. High purity Ar (99.999%),.399.998%) and N(99.99%) were purchased
from Linde Industrial Gases. The water used throughall the experiments was
ultrapure water (18.2 K4) purified through a Millipore system.
2.2 Synthesis of (Bg-CA-M)-Fe/N/C catalyst

The preparation process of the (Bg-CA-M)-Fe/N/Cabyest is illustrated in Fig. 1.
The multiple nitrogen complex was synthesized atiogr to previously reported
method [33]. In a typical synthesis, benzoguananithé4 g, 3.95 mmol), cynuric
acid (1 g, 7.75 mmol), melamine (0.5 g, 3.96 mnami)l water (50 ml) were charged

to a 100 ml flask with a magnetic stir bar. Thea teactants were mixed for 4 h under



stirring on a magnetic plate. After that, white tipleé nitrogen complex was
precipitated by filtration over a Buchner funnetamashed with excess of water. The
resulting white powder was dried at 60 °C over higha vacuum oven. Finally, the
dry white powder of multiple nitrogen complex (@pwas mixed with FeGBH,O
(0.25 g) in tetrahydrofuran by ultra-sonication 0 minutes. After that, KJ600
carbon black (0.15 g) was added into the mixturenaftiple nitrogen complex and
FeCk, and further sonicated for 20 minutes. The mixtwees stirred on a magnetic
plate to obtain a homogeneous mixture at room teatye for 4 h. Then, the solvent
was removed through rotary evaporator and furthieddn vacuum oven at 60 °C for
8 h. The resulting dried catalyst precursor wagestied to the ° heat treatment at
different temperature (700, 800 and 900°C) undgoraratmosphere for 1 h. The
pyrolyzed sample was then subjected to acid legahii®.1 M BSO, at 80°C for 7 h
to remove unstable and inactive species (e.gC ad FeS). After the acid leaching,
the sample was washed thoroughly with de-ionizetemfallowed by centrifugation
and dried in vacuum oven at 60 °C. Second heatntezda was performed at same
temperature for 3 h under argon gas. The final lysitawas labelled as
(Bg-CA-M)-Fe/N/C. For comparison, we also synthedithe catalysts from different
combination of nitrogen precursors by similar pgsss, e.g., (Bg-CA)-Fe/N/C was

synthesized from Bg and CA.
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2.3 Characterization

The morphologies and structure of (Bg-CA-M)-Fe/Nd&talyst were investigated
by scanning electron microscope (SEM, Hitachi S&488nd transmission electron
microscope (TEM, JEM-2100 at 200 kV) and X-ray mifition (XRD, Rigaku Ultima
IV with Cu Ka radiation). The surface elemental composition hef tatalyst was
analysed through X-ray photoelectron spectroscoplyS( Qtac-100 LEISS-XPS
instrument). Ar adsorption/desorption isotherm wested by a Micromeritics ASAP
2020 system (USA).
2.4 Electrochemical measurements

ORR tests were carried out in a conventional tieteetrode cell using CHI760D
bipotentiostat connected with rotating ring-disleattode (RRDE, Pine Inc.) in
O,-saturated 0.1 M NaOH solution. A thin graphitetpland Hg/HgO electrode were
used as the counter and reference electrode, tasggcAll potentials in this study

refer to that of reversible hydrogen electrode (RE&cording to Eq.1:



E (RHE) =E (Hg/HgO) + 0.918 V........... (1)

A RRDE electrode with a Pt ring and a glassy carthsk (geometric area 0.2475
cn?) was used as working electrode to determine th& @&formance. To prepare
the working electrode, the 6-10 mg catalyst, 0.45vwmater, 0.5 mL ethanol, and 50
uL 5% Nafion solution were ultrasonically mixed fbrh to form a uniform catalyst
ink. Then, 25uL of the catalyst ink was dropped onto the polisigtaissy carbon
electrode. The loading of the catalyst was 0.6rig0cnf. To test ORR polarization
curves, electrode potential was scanned betweed.D.¥ at 10 mV ¢. The ring
potential was fixed at 1.3 V to measure th®¥kintermediate. The rotating speed was
900 rpm. Solution ohmic drop (i.eiR drop) was compensated. To correct the
background capacitive current, the polarizationveurecorded in @saturated
solution was subtracted by that recorded jrshturated solution.

The kinetic currentig) for the ORR can be derived from the experimedt&th

using the Koutecky-Levich equation (Eq. 2):

Wherei andi_are the measured current and diffusion limitingrent, respectively.
The mass activityj{) was calculated via the normalization ipfwith the catalyst
loading on the electrode surface. TheOH yield was calculated by following

equation (Eq. 3):

I/ N,

—R_0 (3
(IR/NO)+ID

H,0, (%)= 200x
Where,lp andlr is the disk and ring current, respectively, andsNhe ring collection

efficiency. The N was determined to be 0.386 = 0.002 in a solutibrb anM



K4sFe(CN)} + 1 M Sr(NQ),. The HO, yield can be directly correlated with the
average number of electrong)(transferred per ©molecule through the following
Eq. 4:
Ne = 4 - (% HO,)/50% (4)

2.5 Fuel cell tests

Fuel cell tests were performed on 850e Scribnet tel system (Scribner
Associates, USA). Membrane Electrode Assembly (ME&as constructed by hot
pressing a pre-treated alkaline anion exchange masrmab(A-201, purchased from
Tokuyama Corp. Japan). The cathode catalyst ink w@®posed of 80 wt%
(Bg-CA-M)-Fe/N/C (16 mg) with 20 wt% A4 anion-excige ionomer (Tukuyama).
The anode catalyst ink was composed of 16 mg 20 Rd%-homemade (80%) with
Nafion solution (20%) as ionomer. Cathode or ancatalyst ink (catalyst + ionomer
solution dispersing in ethanol) was sprayed on 6r#5A201 membrane and Ni foam
to form catalyst-coated membrane (ccm). The catlbifiesion layer was made by
5% PTFE-treated carbon paper. The flow rate of Wdifrad O, was 300 sccm in
cathode. The anode was pumped with the solutich Mif ethanol + 1 M KOH aP
mL min™.
3. Resultsand discussion
3.1 Physical characterization

Fig. 2a and 2b show the SEM and TEM images of (BghD)-Fe/N/C sample

after the i' heat treatment at 80%C. Many bamboo-like carbon nanotubes with

encapsulated nanoparticles can be observed cl&anye encapsulated nanoparticles



can survive after the acid leaching due to thegatain of carbon shells. Fig. 2c and
2d show TEM images of the sample after acid leaphind the ?' heat treatment at
800 °C (denoted as (Bg-CA-M)-Fe/N/C@8W). Clearly, the Fe-nanoparticles are
preserved in carbon shells of bamboo-like CNTs. TNd's have an outer diameter of
50-200 nm and length of 500-2000 nm. As compareth \previously reported
bamboo-like CNTs with the typical diameter of 10-86 [2, 15], the as-prepared
CNTs show much large diameters. The encapsulatedpaaticles were further
identified by HRTEM (Fig. 2e). The lattices spadetle encapsulated nanoparticles
was measured to be 0.200 nm, corresponding to (fti@e of a-Fe. The SAED
pattern (the inset of Fig. 2e) further confirms timgstalline structure of Fe. The Fe
nanoparticles exist at the tips and within the cartipents of bamboo-like CNTs
because of Fe-catalysed growth of CNTs. These Repaaticles are covered by 5-10
carbon atomic layers, which can prevent Fe nanigfestfrom the direct contact with
oxygen and acid, and thus avoid the corrosion. Raspactroscopic test indicates that
(Bg-CA-M)-Fe/N/C@800C has relative low graphitization degree with thnsity
ratio of D band to G banddflg) of 1.11 (Fig. S1). This may be caused by higlellev
of doping heteroatoms (e.g., N and O) and defexdswell as the coexistence of
carbon black that comes from the precursor. Thé kignhcentration of defects and

doping heteroatoms will facilitate the ORR activity



Fig. 2 Morphology characterization of (Bg-CA-M)-Fe/N/Ctalyst. (a) SEM and (b)
TEM images of the sample just after tiiéhkat treatment at 86C. (c, d) TEM and
HRTEM images of final (Bg-CA-M)-Fe/N/C@800 catalyst after acid leaching and
the 29 heat treatment. (e) HR-TEM image of encapsulategdtticle. The inset is the

corresponding SAED pattern.

Crystalline structure of (Bg-CA-M)-Fe/N/C@800°C whasther characterized
by XRD (Fig. 3a). Two broad diffraction peaks cemgrat 26.2° and 43° correspond

to the diffractions of the (002) and (100) faces tbe graphitic framework,
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respectively. The diffraction peaks at 44.7°, 6508 82.3° indicate the presence of
o-Fe (PDF#89-7194) in the (Bg-CA-M)-Fe/N/C@800 The 44.7° diffraction
corresponds to the lattice space of 0.202 nm, winckvell consistent with the
HRTEM observation (Fig. 2e). In addition, there aoene weak peaks about the FeC
(PDF#23-0298) and E@, (PDF#03-0863).

The porous structure of the (Bg-CA-M)-Fe/N/C@800°€atalyst was
investigated by Ar adsorption-desorption isotheas,demonstrated in Fig. 3b. The
Brunauer-Emmett-Teller (BET) surface area was detexd to be 578 fig*. The
t-plot analysis indicates that the catalyst haselaxternal surface area of 556 gf,
but small micropore area of 22°mg. The isotherm exhibits a type-IV curve with a
distinct capillary condensation step at a relafivessure of 0.35-0.8, which can be
attributed the mesoporous structure. The poredigteibution was determined from
the adsorption branch data by the Horvath-Kawak#® (method for micropores (< 2
nm) and the Barret-Joyner-Halenda (BJH) methodrfesopores (> 2 nm), as inset in
Fig. 3b. High external surface area and abundargopwres of the catalyst can

facilitate the accessibility of reactants for ORR.
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(Bg-CA-M)-Fe/N/C@800C. Pore-size distribution was inset in (b).

3.2 ORR performance

The ORR performance of (Bg-CA-M)-Fe/NC catalysts ravaested in
O,-saturated 0.1 M NaOH solution by the RRDE. For parison, Pt/C (20 wt % Pt)
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catalyst was also tested under similar conditiofe. firstly monitored the ORR
performance of (Bg-CA-M)-Fe/N/C at different syntibesteps (Fig. S2). Before heat
treatment, the sample had litle ORR activity. Aft€' heat treatment (HT1),
considerable ORR activity could be observed. Aeidching could lower the ORR
activity, but after ¥ heat treatment (HT2), the ORR activity was enhdnce
significantly, much higher than that of HT1. Actimgrogen species in NPM catalysts
are formed during the heat treatment, so that yielysis temperature is an important
parameter [34]. To achieve the best performance, opgmized the pyrolysis
temperature from 700 to 90. The BET surface area of the samples slightly
increased with increasing pyrolysis temperature.(S83). The samples prepared at
700°C and 800°C contained considerable Fe-encapsulated carbootuizes, while
that prepared at 90T mainly consisted of porous carbon nanopartidtég. G4). Fig.
4a displays the ORR polarization curves of (Bg-CAH&/N/C prepared at different
temperature (700, 800, and 900°C), as well as e4t@lyst. The highest ORR activity
was observed at 800 °C, in terms of high onsetrnpiaie(ca. 1.10 V) and half-wave
potential (ca. 0.93 V). For Pt/C reference catalis# onset and half-wave potentials

(Ey) are 1.04 and 0.907 V, respectively.
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Fig. 4 ORR polarization curves (a) and,® yield (b) of (Bg-CA-M)-Fe/N/C
catalysts prepared at 700-900 °C, as well as comiald?t/C (20 wt%) catalyst in
O,-saturated 0.1 M NaOH. The inset is the enlargedvesu near 1.0 V.
(Bg-CA-M)-Fe/N/C catalyst loading: 0.60 mg émPt/C loading: 0.10 mgct(or 20
ug Pt cn¥); Rotating speed: 900 rpm; scan rate: 10 iV (s) Tafel plots of the
above catalysts for ORR. (d) Comparison of ORR raatigity at 1.0 V.

To further evaluate the catalytic activity, we cdéted the mass activityjq
based on Koutecky-Levich equation (Eq. 2). Therdeiteed kinetic current was then
normalized by the catalyst loading (0.6 mg@no obtain thgm,. Fig. 4c illustrates
the Tafel plot E~lody) of the (Bg-CA-M)-Fe/N/C and Pt/C catalysts. Thafel

slopes of (Bg-CA-M)-Fe/N/C catalysts slightly dease from 77 to 70 mV décas
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the pyrolysis temperature increased from 700 to €O0These values are slightly
larger than that of Pt/C (60 mV d8c Fig. 4d shows the comparison of mass activity
of the above catalysts. The mass activities of (BgM)-Fe/N/C@800°C catalyst at
1.0 V is 0.58 A d, reaching 43% of the Pt/C (1.35 A.d). Note that the mass
activity at 0.90 V usually calculated in the litenee cannot be measured precisely in
this study, because the current at 0.90 V is dogbke diffusion limiting current. The
Ei» and ORR mass activity of (Bg-CA-M)-Fe/N/C@800°Ctatyst are also
considerably higher than those of Fe-encapsulate@MT-based Fe/N/C catalysts
reported recently (Table S1) [2, 35, 36].

H,0O; yield is also an important parameter for ORR gatal Fig. 4b depicts the
H,0; yield of (Bg-CA-M)-Fe/N/C samples. The (Bg-CA-MeM/C@800°C catalyst
shows the lowest ¥, yield, less than 1% in the whole potential regidhis value is
even lower than that of the Pt/C catalyst in theeptal region of 0.50-0.90 V. The
average electrons transfer numh®&y per Q molecule was calculated to be over 3.98,
according to the Eq. 3. Such high valuengindicates that ORR processes follow four
electron-transfer mechanism on the (Bg-CA-M)-Fe/@@00°C. Low HO, yield
will benefit the stability of the catalyst, becaudgO, can produce highly corrosive
[OH radical. As for the other two (Bg-CA-M)-Fe/N/@rsples (708C and 900C),
their H,O, yields are about double to that of (Bg-CA-M)-Feg800°C.

To better understand the effect of pyrolysis terapge on the ORR performance,
we carried out XPS test to determine the near-serfeomposition and element

chemical state. As shown in Fig. 5a, the (Bg-CAM)YN/C catalysts mainly
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contained C, N, O, and Fe elements. The weightecomtf the above elements is inset
in Fig. 5a. As the pyrolysis temperature increaescarbon weight content increases
from 80.7% to 93.6 %, at the expense of lowerirgdbping level of N, O, and Fe.
For example, nitrogen weight content decreases B@% to 1.7% as the pyrolysis
temperature increase from 700 to 900 The chemical states of N element are very
important for ORR performance. Fig. 5b shows thghhriesolution N1s XPS. The
elevated temperature facilitates the formation cftiva nitrogen species and
graphitization, [19] but it also reduces the dopettogen content. It has been
proposed that nitrogen species of pyrolysis sampledsde pyridinic N (398.8 + 0.2
eV), Fe-N (399.6+ 0.2 eV), pyrrolic N (400 £ 0.2)egraphitic N (401+ 0.2 eV), and
oxidized nitrogen (402+ 0.3 eV) [37, 38]. Howevere found that it is difficult to
correlate the ORR activity with one of N speciascsi the low-temperature sample
(i.e., 700°C) has shown low ORR activity, but very high niteagcontent, even

through peak deconvolution.
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Fig. 5 XPS of (Bg-CA-M)-Fe/N/C catalysts prepared at BO® °C. (a) Survey

spectra;(b) High-resolution N1s spectra. The weight contentCofN, Fe, and O,

determined from correspongding high-resolved speutas inset in (a).

3.3 Effect of nitrogen precursors

(Bg-CA-M)-Fe/N/C catalyst was prepared from the tiple nitrogen complex of

17



Bg, CA, and M, and showed the morphology of Fe-paniicles encapsulated carbon
nanotubes. We found such combination of nitrogegcymsors (Bg + CA + M) is
necessary for the formation of nanotube morphokyy high ORR performance. For
comparison, we synthesized with a series of catalgh different composition of
nitrogen precursors, and evaluated their ORR pmdoce. The pyrolysis temperature
was fixed at 800C. The synthesized catalysts included (Bg)-Fe/NGR)-Fe/N/C,
(M)-Fe/N/C, (Bg-CA)-Fe/N/C, (Bg-M)-Fe/N/C, and (Ck)-Fe/N/C.

Fig. 6a displays the ORR polarization curves of tla¢alysts prepared from
different nitrogen precursors. Clearly, the (Bg-®H)-Fe/N/C@800°C exhibits the
best ORR performance. We calculated the mass goti/ihe catalysts at 0.95 V, and
compared them through a histogram (Fig. 6b). Thely& activity decreases in the
order of (Bg-CA-M) > (Bg-M) > (Bg) > (Bg-CA) > (CAA) > (M) > (CA). It is
obvious that among three nitrogen precursors, tipésBhe most important for high
ORR catalytic activity. We further measured the TiMges of the above catalysts.
As shown in Fig. 7, none of them have the CNT s$tmec with encapsulated
Fe-nanoparticles except the (Bg-CA-M)-Fe/N/C. Tharfation mechanism of CNT
structure from ternary Bg-CA-M nitrogen precurs®npt clear yet, and needs further

investigation.

18



a) 0-
) — (Bg)-Fe-C
1 — (CA)-Fe-C
14 — M)-Fe-C
o — (Bg-CA)-Fe-C
' | — (Bg-M)-Fe-C
£ 2] (CA-M)-Fe-C
< | — (Bg-CAM)-Fe-C
=
< -3
-4
0.4 0.6 0.8 1.0
E /V (RHE)
b) 3
Bg-CA-M
—
Ic) - 7-
< Bg-M
~ 2-
= Z By Bg-CA
(o]
3 VR
®
2 4] CA-M
£ -
= M
S % CA
©
7]
[}
0
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Fig. 7 TEM images of the catalysts prepared frahifferent combinations of
nitrogen precursors(a) (Bg)-Fe/N/C@800°C; (b) (CA)-Fe/N/C@800°C; (c)
(M)-Fe/N/C@800°C; (d) (Bg-M)-Fe/N/C@800°C; (e) (MAEFe/N/C@800°C; (f)

(Bg-CA)-Fe/N/C@800°C.

3.4 Sability and alcohol tolerance

The stability and the resistance to alcohol crossmffect are two important
parameters of the electrocatalysts for practicaliegtion in direct alcohol fuel cell.
The stability of the catalyst was firstly testedgmtential cycling between 0.6 and 1.0
V at 50 mV § in O»-saturated 0.1 M NaOH. As presented in Fig. 8araf0,000
potential cycles, (Bg-CA-M)-Fe/N/C@800°C just shoavsmall negative shift ik,
by 12 mV, which is significantly lower than that@dmmercial Pt/C catalyst (56 mV).

Furthermore, the stability was determined at caristaotential of 0.80 V in
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O,-saturated 0.1 M NaOH solution at 900 rpm. The (B%M)-Fe/N/C@800°C lost
29% of initial activity after the 100 h test (Figb). In contrast, the Pt/C catalyst
degraded the same activity (-29%) just within 3Skhich quick degradation of Pt/C
performance may be attributed to the formation todde at such high potential of
0.80 V. The above two tests clearly show that (BgM)-Fe/N/C@800°C catalyst

has high stability under alkaline ORR condition.

b)lOO

17 E 2 AEllZ:SG nﬁ// \O 80_&\-\‘\’\
< ! S
o 1 ~
) SR o =
E 2= — puCinitial | S 60 Pt/C (Bg-CA-M)-Fe/N/C
o } - Pt/C 10,000 cycles| AE1/2212 mV 8 '290/0@3h _29%@ 100h
< 1 0.4 0.8 1.2 :5
£ 3. E/V(RHE) 3 40l
= g
PN &= E=08V
7 © 204
| —— (Bg-CA-M)-Fe/N/C Initial T
. — — (Bg-CA-M)-Fe/N/C 10,000 cycles |
B ! T T 0 T T T T
04 0.6 0.8 10 1.2 O 20 40 60 80 100
E/V (RHE) Time / h
C 01 d 10 ithou
) —— Without C,H.OH ) Hithout CRgOr
8 . 0.25M CZHSOH
——0.25 M C,H,OH
.1_ 0.50 M C_H OH 1 0.50 MCZHSOH
o : 25 «~ 6
e \
(&) g 44
< 2 <
e = 2
=~ ~
= 34 —0
24 ‘—_____f
“ (Bg-CA-M)-Fe/N/C@800°Q -4 Pt/C
0.4 0.6 0.8 1.0 1.2 04 06 08 10 12
E /V (RHE) E /V (RHE)

Fig. 8 Stability tests o{Bg-CA-M)-Fe/N/C@806C and Pt/C catalysts through
10,000 potential cycles between 0.6 and 1.0 V am80s* (a) and constant
potential at at 0.8 V for 100 h (b) iny®aturated 0.1 M NaOH solution;
Ethanol tolerance of (Bg-CA-M)-Fe/N/C@8T (c) and Pt/C catalyst (d) in

O,-saturated 0.1 M NaOH with different concentratairethanol (0, 0.25, and
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0.50 M). Scan rate: 10 mV#sRotating rate: 900 rpm.

(Bg-CA-M)-Fe/N/C@800°C exhibits high alcohol tolac®. The ORR
polarization curve recorded in the 0.1 M NaOH mikr to those recorded in 0.1 M
NaOH solution containing 0.25 and 0.50 M ethandad.(Bc). That is, ethanol can not
influence the ORR on (Bg-CA-M)-Fe/N/C@800°C. Theodtooxidation of alcohols
involves the breakage of strong C-H bond, which mainbe catalyzed by the Fe/N/C
catalysts. In contrast, as for the Pt/C, ethanalaiton current totally overwhelms the
oxygen reduction current in 0.1 M NaOH + 0.25 Magibl solution (Fig. 8d). These
results indicate that (Bg-CA-M)-Fe/N/C catalyst haspromising application in
DAFCs.
3.5 Performance of alkaline membrane direct ethanol fuel cell

We carried out the tests of alkaline membrane DER@th
(Bg-CA-M)-Fe/N/C@800°C catalyst as cathode for ORBmemade Pd/C as anode
for ethanol oxidation and commercial A-201 alkalareon exchange membrane. Fig.
9a shows polarization curves and power densityspbdtalkaline membrane DEFC
fed with 2 M ethanol with different concentratiof KOH solution. Unlike acidic
Nafion-based DEFCs where only ethanol solution seduin the anode, alkaline
membrane DEFCs still need additional KOH or NaOgkteblyte to compensate the
alkali consumption due to the neutralization reactbetween OHand ethanol
oxidation products (acetic acid and §0As shown in Fig. 9a, the DEFC performance
is improved with increasing the KOH concentratidhl(to 1 M) in the feeding

solution. The cell temperature is also an importpatameter. Fig. 9b shows

22



polarization curves and power density plots of lasleamembrane DEFC operated at
temperatures of 70-90 °C. The fuel 2 M ethanol+K®H was fed at anode. Due to
high tolerance to fuel crossover, the open cirgoitage is up to 0.88 V. The peak
power density can approach to 64 mW Tat 350 mA crif when the DEFC is
operated at 90 °C. Our alkaline membrane DEFC pmdace with
(Bg-CA-M)-Fe/N/C@800°C cathode is quite high, eveomparable to some
literature results with Pt/C cathodes (Table S®) ]. This result demonstrates the

potential application of the (Bg-CA-M)-Fe/N/C@800f@ fuel cells
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Fig. 9 Polarization curvesnd power density curves of alkaline membranectire
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ethanol fuel cell with (Bg-CA-M)-Fe/N/C@800 as cathode catalyga) Effect of
KOH concentration from 0.2 to 1.0 Nb) Effect of cell temperature from 40 to
70°C. A-201 alkaline anion exchange membrane; Anodew2® Pd/C (2.56 mg;:
cm?); cathode: (Bg-CA-M)-Fe/N/C@860 (2.56 mg crif); O,: 300 sccm; MEA area:

6.25 c.

4. Conclusions

In conclusion, we prepared bamboo-like nitrogenedbparbon nanotubes with
encapsulated Fe nanoparticles through high-temperapyrolysis of multiple
nitrogen complex of benzoguanamine, cyanuric aai] melamine. As-prepared
(Bg-CA-M)-Fe/N/C catalyst exhibits high ORR actwitand low HO, yield in
alkaline medium. The onset potential is up to M/1&nd mass activity is 0.578 A'g
at 1.0 V in the alkaline medium. The catalyst adshibits the high durability and
ethanol tolerance. When the (Bg-CA-M)-Fe/N/C is leggp in alkaline membrane
direct ethanol fuel cell, the peak power density ba as high as 64 mW &mThe
excellent performance strongly indicates that (B¥H@)-Fe/N/C is promising to

replace Pt-based catalysts in alkaline medium.
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