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Abstract: The conversion of biomass into valuable carbon
composites as efficient non-precious metal oxygen-reduction
electrocatalysts is attractive for the development of commer-
cially viable polymer electrolyte membrane fuel-cell technol-
ogy. Herein, a versatile iron—tannin-framework ink coating
strategy is developed to fabricate cellulose-derived Fe;C/Fe-N-
C catalysts using commercial filter paper, tissue, or cotton as
a carbon source, an iron—tannin framework as an iron source,
and dicyandiamide as a nitrogen source. The oxygen reduction
performance of the resultant Fe;C/Fe-N-C catalysts shows
a high onset potential (i.e. 0.98 V vs the reversible hydrogen
electrode (RHE)), and large kinetic current density normalized
to both geometric electrode area and mass of catalysts
(6.4 mAcm 2 and 32 mAmg ' at 0.80 V vs RHE) in alkaline
condition. This method can even be used to prepare efficient
catalysts using waste carbon sources, such as used polyurethane
foam.

The polymer-electrolyte membrane fuel cell is one of
promising clean power sources to convert chemical energy
directly into electrical energy.l' Catalysts for its cathode
reaction (i.e. oxygen-reduction reaction; ORR) are one of the
key components in fuel cell, and are usually Pt-based
materials which are required to overcome the sluggish
kinetics of ORR.”) However, such Pt-based catalysts suffer
some drawbacks, such as their high cost, limited resource, low
CO and methanol tolerance, and poor durability, which limit
the commercialization of fuel cells. Recently, composite
carbon materials with N and earth-abundant transition-
metal doping (i.e. Fe-N-C)P! or encapsulated nanoparticles
by a graphitic carbon layer (i.e. Fe/Fe;C/C) have been
considered as the most promising non-precious metal cata-
lysts for ORR owing to their superior catalytic activity and
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stability, easy availability, and low cost. Their active sites are
believed to be iron coordinated with nitrogen doping in
carbon (Fe-N-C), as well as graphitic carbon layers activated
by the encapsulated iron and (or) iron carbide nanoparticles
(Fe/Fe;C/C). The most widely used method for the prepara-
tion of such catalysts involves direct pyrolysis of the
composites of carbon, nitrogen, and metal precursors. Tre-
mendous efforts have been focused on the choice of different
carbon, nitrogen, and metal sources, and tailoring the nano-
structures to achieve a catalytic performance comparable to
commercial Pt/C catalysts. However, most of these catalysts
are based on nanostructured carbon (such as, graphene or
carbon nanotubes), and are prepared via complicated proce-
dures.’! The development of a sustainable route to prepare
efficient catalysts using renewable precursors is highly
desirable for the widespread commercialization of fuel cells.

Recently, the conversion of biomass into valuable porous
carbon materials for energy storage and conversion has
attracted increasing attention owing to the ever-increasing
demand for the conversion and storage of renewable energy.
A variety of biomass have been explored as the source of
carbon catalysts for ORR.I"! Generally, the carbon composites
derived from biomass show low catalytic performance owing
to the low degree of graphitization, high yield of by-products
(such as unsealed metal nanoparticles on carbon surface), low
nitrogen content, and low density of catalytic sites (i.e. M-N-
C). To address these problems, different strategies have been
developed to increase the catalytic performance of biomass-
derived carbon, such as the incorporation of iron species into
the biomass during carbonization to increase the degree of
graphitization, and activation under ammonia to increase the
porosity and N content in the carbon skeleton.! However,
there is still an urgent need to develop a universal method to
prepare biomass-derived carbon with high catalytic perfor-
mance.

Herein, we report on a versatile iron—tannin-framework
“ink” coating strategy to fabricate high-performance Fe;C/Fe-
N-C catalysts for ORR by coating an organic iron source onto
cellulose fibers, followed by grinding with dicyandiamide,
carbonization, and acid etching. Cellulose is chosen as the
carbon source because it is the most abundant biomass.
Dicyandiamide (DCDA), a low-cost material, is used as the N
source owing to its high nitrogen content (61 wt%). The
concept for the fabrication of carbon catalysts is to develop an
iron—tannin-framework ink as the organic iron source.
Compared with the inorganic iron source (i.e. Fe(NO;),),
the iron—tannin-framework ink can be uniformly coated on
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various organic substrates, such as biomass, promoting the
formation of active sites (Fe-N-C and Fe;C/C). Different
cellulose fiber-based products, such as filter paper, tissue, and
cotton as well as other low-cost products, such as polyur-
ethane-foam waste were used as the carbon source. Their
derived carbons show high catalytic activities for ORR. To
our knowledge, this is the first time a metal-organic-frame-
work ink coating method has been used for the preparation of
high-performance oxygen reduction catalysts using commer-
cial and low-cost products as carbon sources.

Tannic acid (TA) is a low-cost and environmentally
friendly polyphenol, and widely distributed in plant tissues.
Its chemical structure is shown in Figure 1a. TA is also
a versatile coating molecule as it can strongly bind to
substrates with different shapes (such as, film and particle)

Fe-TA ink
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Figure 1. a) Chemical structure of tannic acid (TA); b) Schematic represen-

tation of Fe-TA-framework ink in a beaker and chemical structure of the
ink; c) The procedures for the preparation of catalyst: Step 1, coating the

Fe-TA-framework ink onto the surface of cellulose fibers from commercial

products, such as filter paper, tissue paper, and cotton; Step 2, the

carbonization of cellulose/Fe-TA composites combined with dicyandiamide

as a nitrogen source, followed by acid leaching to remove the exposed
iron-base nanoparticles.

and surface properties (hydrophilic or hydrophobic) through
covalent and noncovalent interactions.”) Additionally, TA can
coordinate with various metal ions to form a stable metal—
tannin framework via a strong interaction between metal ions
and catechols. The iron-tannin-framework ink (Figure 1b)
was prepared by simply mixing tannic acid and Fe-
(NO;);9H,0 in water (denoted Fe-TA). This Fe-TA ink
looks similar to the commercial iron gall ink, which was
widely used for writing and drawing. Because of its excellent
penetrability and adhesion (Figure S1 in the Supporting
Information), Fe-TA ink could be employed as a coating
material by using printing or spraying techniques.

The preparation of catalysts involves two steps (Fig-
ure 1c). Firstly, Fe-TA ink was coated on the surface of the
cellulose fibers. Secondly, the cellulose/Fe-TA composites
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were mixed with DCDA by grinding, carbonized, and leached
by 2m HCl to give the composite carbon catalysts. During the
carbonization, DCDA and its derived species (i.e. melamine)
would react with TA molecules to form N-doped carbon.!"”!

Filter paper (denoted FP) was chosen as a typical cellulose
source owing to its porous structure (Figure S2). Transmission
electron microscopy (TEM) image of filter-paper-derived
composite carbon (denoted FP-Fe-TA-N-850) revealed that
the Fe;C nanoparticles were embedded in the carbon matrix
(Figure 2a). As Fe;C nanoparticles are unstable in acid, they
should be removed after acid leaching. However, many Fe;C
nanoparticles were retained after acid leaching. A high-
resolution TEM image confirmed that Fe;C nanoparticles
were encapsulated by the graphitic carbon layer, which
protects the Fe;C nanoparticles from acid etching (Fig-
ure 2b). Previous research demonstrated that the encap-
sulated Fe;C nanoparticles could activate the graphitic
carbon layer and make the surrounding carbon active for
ORR.™ This kind of graphitic layer would enhance the
catalytic performance when combined with Fe-N-C spe-
cies. A scanning transmission electron microscopy (STEM)
image further confirmed that Fe;C nanoparticles were
dispersed in the carbon matrix uniformly (Figure 2¢). The
energy-dispersive X-ray spectroscopy clearly showed the
existence of N, O, and Fe elements in the carbon matrix
(Figure S3). The element mapping results revealed that
both nitrogen and oxygen were distributed in the carbon
matrix uniformly, indicating the nitrogen atoms were
successfully doped into the carbon lattice. The strong Fe
element signals mainly existed in the area of nanoparticles
(white dots in Figure 2¢), confirming the formation of Fe;C
during carbonization (Figure 2d-g). To demonstrate the
versatility of such a coating method, other cellulose-based
commercial products, such as tissue and cotton were also
used as the carbon source. Their SEM and TEM images
showed similar results (Figure S4,S5).

X-ray diffraction (XRD) patterns showed the phase of
cellulose was changed to Fe;C and graphite after carbon-
ization (Figure S6). All other carbon composites, such as
FP-Fe-N-850 (iron nitrate as the Fe source), TS-Fe-TA-N-
850 and c-Fe-TA-N-850 (tissue (TS) and cotton (c) as the
carbon source) also showed Fe;C and graphite phase. N,
sorption analysis was used to determine the specific surface
area and pore size of the obtained carbon (Figure S7).
Their specific surface areas were 16, 104, 106, and 202 m*g !
for FP-Fe-TA-N-850, FP-Fe-N-850, TS-Fe-TA-N-850 and c-
Fe-TA-N-850, respectively.

X-ray photoelectron spectroscopy (XPS) for FP-Fe-TA-
N-850 further showed the existence of Fe and N, with
a content of 0.14 and 7.23 at %, respectively (Figure S8a,b).
The iron content was low because the iron carbide nano-
particles were covered by graphitic carbon and thus could not
be detected. Note that pyridinic nitrogen and pyrrolic nitro-
gen atoms can coordinate with Fe to form Fe-N, active site.
The N 1s spectra for FP-Fe-TA-N-850 were fitted with four
peaks at about 398.4, 399.3, 400.9, and 403.6 eV, correspond-
ing to pyridinic nitrogen, pyrrolic nitrogen, graphitic nitrogen,
and pyridinic N*—O~, respectively (Figure S8c). Their rela-
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Figure 2. a,b) TEM images of FP-Fe-TA-N-850. c) STEM image of FP-
Fe-TA-N-850, and d)-g) its corresponding elements mapping images:
d)C )N, f) O, g) Fe

tive contents were 28.13, 21.10, 32.61, and 18.17 %, respec-
tively (Figure S8c,d).

The ORR performance of the catalysts was evaluated
using a rotating disk electrode (RDE) technique. Cyclic
voltammetry (CV) and linear scan voltammogram (LSV)
curves of FP-Fe-TA-N-x carbonized at different temperatures
(x =800, 850, 900, and 950°C) showed that the catalytic
performance of FP-Fe-TA-N-850 is the best among these
samples. Therefore, 850°C was chosen to carbonize other
cellulose/Fe/N composites for further investigations (Fig-
ure S9). To demonstrate the roles of Fe and N source in the
ORR, FP-850, FP-Fe-850, and FP-Fe-N-850 were prepared by
direct carbonization of filter paper, filter paper/iron nitrate
and filter paper/iron nitrate/DCDA with the same procedure
as FP-Fe-TA-N-850. LSV curves of both FP-850 and FP-Fe-
850 showed a low onset potential (E,,,) and limiting current
density (j.; Figure 3a). However, after incorporating both
iron and nitrogen sources, an obvious increase in both E
and j; was observed for FP-Fe-N-850, indicating the iron and
nitrogen species have a synergetic effect in enhancing
catalytic performance. Notably, FP-Fe-TA-N-850 revealed
an even more positive E,u (0.98 V vs RHE) and larger j_
(5.0 mA cm 2 at 0.60 V) than FP-Fe-N-850. As both FP-Fe-N-
850 and FP-Fe-TA-N-850 were prepared using the same
carbon source (filter paper), nitrogen source (DCDA), and
carbonization procedure, and FP-Fe-TA-N-850 had a lower
specific surface area than FP-Fe-N-850, the enhanced cata-
lytic performance for FP-Fe-TA-N-850 was mainly a result of
the use of organic iron sources. The use of the organic iron
source (Fe-TA) may be beneficial for forming graphitic layers
activated by encapsulated Fe;C nanoparticles.

The catalysts derived from tissue paper and cotton also
showed a high catalytic performance (Figure 3a, S10, S11),
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Figure 3. a) LSV curves of FP-850, FP-Fe-850, FP-Fe-N-850, FP-Fe-TA-N-
850, TS-Fe-TA-N-850, and c-Fe-TA-N-850 at 1600 rpm in O, saturated
0.1 M KOH solution (the loading is 0.3 mgcm™?); b) LSV curves of Pt/
C and FP-Fe-TA-N-850 with different loadings (0.1, 0.2, 0.3 mgcm™?);
c) The kinetic current density normalized to both electrode surface
area (black) and mass of the catalysts (blue) measured at 0.80 V (vs
RHE); The unit of loading is mgcm™; and d) The electron transfer
numbers of FP-Fe-TA-N-850 with different loadings.

indicating that Fe-TA ink coating is a versatile method to
fabricate efficient catalysts using different cellulose fibers as
carbon sources. This coating method could also be used to
fabricate catalysts using other low-cost and easily available
supports. For example, the polyurethane-foam (sponge) waste
derived catalysts still showed a high catalytic performance
(Figure S12).

FP-Fe-TA-N-850 also revealed comparable catalytic per-
formance to Pt/C at the same loading (i.e. 0.1 mgem™), and
higher performance than commercial Pt/C (20 wt %, Sigma-—
Aldrich) when their loadings were two- and three-times that
of Pt/C in alkaline conditions (Figure S13, Figure 3b). Note
that the catalysts were prepared using commercial cellulose-
based material (filter paper) as the carbon source. However,
the ORR performance is still among the best of non-precious
metal catalyst reported to date, even comparable with some
non-precious metal catalysts using nanocarbon as carbon
source (Table S1).

Although the catalyst precursors were much cheaper than
Pt/C (Figure S14), and increasing the loading of the catalysts
could be an alternative way to achieve high performance
comparable to Pt/C, the potential issue for mass transfer may
arise. The kinetic current densities normalized to both
geometrical electrode surface area (j,;) and mass (j,) of
the catalysts at 0.80 V (vs RHE) were further determined
(Figure 3c). When the loading was 0.1, 0.2, and 0.3 mgcm 2,
jis increased from 2.4 to 8.0 mAcm > The highest j, ., was
32 mAmg ' when the loading is 0.2 mgcem 2, which was close
to that of Pt/C (38.7mAmg'). The average turnover
frequency (TOF) of FP-Fe-TA-N-850 on the basis of the Fe-
N,/C active sites is estimated to be around 3.0esite 's™,
indicating that this catalyst has high catalytic activity (Fig-
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ure S15). The electron-transfer number per oxygen molecule
(n) calculated from Koutechy-Levich equation was around
3.5-3.9, indicating a dominate 4e pathway for ORR (Fig-
ure 3d, Figure S16). A higher loading favored a 4e process
and decreased the yield of by-products (i.e. H,0,). FP-Fe-TA-
N-850 also showed a better long-term stability and higher
resistance to the methanol crossover effect than Pt/C (Fig-
ure S17). In addition, FP-Fe-TA-N-850 showed good ORR
performance in acid conditions (Figure S18, Table S2).

As cellulose contains no nitrogen and their derived carbon
shows a low degree of graphitization (Figure S19), the
successful incorporation of N and Fe sources uniformly on
the cellulose fiber is the key to the preparation of high-
performance catalysts. Based on the above results, we
attribute the high ORR performance to the efficient carbon,
nitrogen, and iron sources chosen. The carbon sources allow
for the uniform loading of nitrogen and iron sources, which is
a possible because of their highly porous structure. DCDA is
highly reactive with these carbon sources during carbon-
ization. Most importantly, the Fe-TA-framework ink is shown
to be an excellent iron precursor for high-performance
catalysts. When inorganic iron sources are used, the iron
ions adsorbed on the surface of cellulose tend to aggregate
easily during the carbonization and fail to form a high density
of active sites. In contrast, the Fe-TA framework can be firmly
coated on the cellulose fibers through the good adhesion of
TA. As the iron ions were trapped in the framework of TA,
encapsulated Fe;C nanoparticles could be easily formed. In
addition, nitrogen was easier to dope in the organic iron
source. The active sites of Fe;C-C and Fe-N-C may act with
a synergetic catalytic effect in enhancing the catalytic
performance.”!

In conclusion, a versatile iron-tannin-framework ink-
coating strategy has been demonstrated for the fabrication of
high-performance Fe;C/Fe-N-C catalysts for the oxygen
reduction reaction by using the low-cost, easily available
cellulose fiber-based commercial materials (filter paper,
tissue, and cotton), even polyurethane-foam waste as the
carbon sources. This ink is suitable for large-scale fabrication
of high-performance electrocatalysts using different industry-
standard processes, such as printing or spray coating. As
a result of the strong interactions between metal ions and TA,
it should be possible to prepare other metal-tannin-frame-
work inks, such as Co-TA, Ni-TA, and Cu-TA for synthesizing
other metal (or metal oxide, metal carbide)/carbon compo-
sites for supercapacitors, batteries, and catalysts.
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