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Abstract

Nitrogen dope mesoporous carbon materials are widely used in the designing of oxygen reduction reaction (ORR) catalysts. How
to prepare nitrogen-doped carbons (NC) with broad mass transfer path and preserve abundant ORR active nitrogen functionalities
is still a great challenge. Here, nitrogen-doped mesoporous carbon materials are obtained through simply pyrolysis a mixture of
renewable biomass (tofu) and ZnCl,. Owing to the effective chemical activation effect during carbonization, the optimal NC
could present high porosity (high surface area of 1062 m* g ', large pore volume of 0.97 cm® g ') and high nitrogen content
(7.74 wt%). Benefit from the rich of nitrogen functionalities to create abundant active sites and the well-developed mesoporous
structure (high mesopore area 825 m? g ' and dual mesopore system with mesopore in both 3 nm and 30 nm) to guarantee fast
mass transport and electron transfer, the obtained NC could serve as fine metal-free ORR catalyst, accelerating oxygen reduction
reaction via high efficient 4 oxygen reduction pathway. And more important, NC showed higher stability than commercial Pt/C

(20 wt%), which highlight its great potential in the designing of electrocatalyst.
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1 Introduction

Oxygen reduction reaction (ORR) is the cornerstone of many
sustainable energy-conversion techniques, such as fuel cell
and metal air batteries [1-3]. Designing of high efficient
ORR catalyst is critical for commercialization of these tech-
niques. Traditional Pt catalysts could show high ORR activity,
but the large-scale utilization of Pt catalyst is hindered by their
high cost, limited reserve, and poor stability [4—6]. Recently,
noble metal-free and metal-free ORR catalyst which holds
ORR activity comparable with Pt is getting more and more
attentions.
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Owing to the fine chemical and physical properties, carbon
materials are widely used in the field of energy storage and
conversation [4-8]. Some recent reports have showed that
precise designed nitrogen-doped carbon could show high
ORR activities comparable to Pt. The ORR active sites of
NC could be attributed to the existence of N functionalities.
N heteroatom holds different atom size and higher electroneg-
ativity compared with carbon framework, thus could afford
adjacent carbon atoms more positive charge density, which
is preferable for the chemisorption of oxygen molecules and
weakens the O—O bonding to promote the ORR catalytic pro-
cess [9—-11]. Considering multi-phases (i.e., gas reactant, lig-
uid electrolyte, and solid catalyst) are involved in ORR pro-
cess, fast mass transfer is also a critical factor influencing the
total efficiency [6, 12—15]. Obviously, the narrow micropores
could not meet this demand; they cannot expose active sites
effectively and tend to be blocked during operation. On the
contrary, wide entry mesopore or even macropores could ex-
pose all these active sites and guarantee smooth mass transport
and fast electron transfer. Thus, nitrogen-doped mesoporous
carbon materials (NMCs) which hold abundant ORR active
sites and offer fast mass transport path are highly desired in the
designing of multi-phase involved ORR electrocatalysts.
Unfortunately, most carbon catalysts only show low porosity
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despite complicated preparation processes are involved which
normally lead to poor ORR performances. And itis still a great
challenge to prepare high efficient NMC ORR catalyst
through a facial and effective method [1-3].

Biomasses are considered as one of the most competitive
candidates for carbon precursor, owing to several advantages.
(i) Biological diversity on earth could result unique structures
for porous carbon. (ii) Realize in situ doping of specific het-
eroatom in the derived porous carbons. (iii) The continuous
bio-production guarantees the widespread and sustainable
supplies for biomass [16—19]. However, only heterogeneous
structured carbons showing randomly distributed heteroatoms
and poor porous structures could be obtained through direct
carbonization of biomass. Thus, chemical or physical activa-
tion processes are always needed to disrupt and rearrange of
biomolecules to elevate porosity and distribute heteroatoms
homogeneously [7, 8, 20, 21]. According to previous reports,
chemical activation (KOH, ZnCl,) is more effective than
physical activation (CO,, steam). However, KOH is strong
corrosive to equipment and will consume excessive carbon
feedstock, which will result in low yield and may lead to
structure collapse. More seriously, KOH activation may cause
a sharp decrease in the total nitrogen content [22], which leads
to shortage of ORR active sites. In contrary, the ZnCl, activa-
tion only experiences a mild dehydration reaction.
Considering that biomasses contain abundant hydrogen and
oxygen elements offered by biomolecules like carbohydrates,
ZnCl, activation is more suitable than KOH for biomass acti-
vation [23, 24]. Moreover, ZnCl, normally generate more
mesopores [7, 8] which is urgently needed in O, gas involved
ORR processes.

Expired food will be sent back to the factory and dis-
posed. Considering that Tofu is a well-known cheap food
in traditional Chinese diet, many expired tofu was treated
like garbage previously. Thus, converting those expired
tofu into value-added carbon materials is essential from
both financial and environmental view [25-28]. Tofu is
considered ideal protein sources, just like its soybean
feedstock. This means tofu could serve as an ideal nitro-
gen source either [24, 25]. Unlike other biochars, which
are always puzzled by the heterogeneous structure
inherited from their parental biomasses, tofu is made from
solution form soybean milk; thus, tofu-derived porous
carbon could show homogeneous texture both structural
(porosity) and composition (element distribution). Tofu
can be easily converted to porous carbon, but direct car-
bonized tofu only shows low porosity; thus, extra agents
like molten salt or KOH are involved in order to get high
porosity carbon materials from tofu. Unfortunately, most
reported tofu-derived carbon showed only microporous
structure, which could not satisfy ORR requirement, thus
could only serve as electrode for supercapacitor or Li-ion
batteries [20, 21, 27-29].

@ Springer

Herein, we prepare NMCs through simply pyrolysis of the
mixture of tofu and ZnCl,. The obtained NMCs showed with
high porosity presented fine mesoporous structure (mesopore
surface area of 825 m? g~' and mesopore volume of
0.88 cm® g !). NMCs could preserve nitrogen functionalities
effectively (total nitrogen content reach 7.7 wt%). And more
important, a homogeneous distribution of these heteroatoms,
presented majorly ORR active pyridinic-N moieties. Owing to
these fascinating characteristics, the obtained nitrogen-doped
porous carbon showed good ORR performance, accelerating
ORR through a high efficient 4 ¢ process.

2 Experimental

2.1 Synthesis of tofu-derived nitrogen-doped
mesoporous carbon

Tofu was first freeze-dried to remove the dissociative water.
Then, the dried tofu powder was carbonized with a certain
amount of ZnCl, in Ar atmosphere under 700 °C for 1 h.
Then, the products were soaked in diluted HCI solution to
remove the residual ZnCl, and other metal residue, then
washed with large amount of water to remove the soluble
residue and dried at 80 °C for 12 h. The obtained nitrogen-
doped carbon was noted according to the mass ratio of tofu
and ZnCl,, means DZ21 for tofu to ZnCl, 2:1, DZ11 for tofu
to ZnCl, 1:1, DZ12 for tofu to ZnCl, 1:2, DZ13 for tofu to
ZnCl, 1:3, DZ14 for tofu to ZnCl, 1:4, and DZ15 for tofu to
ZIlC12 1:5.

2.2 Characterization

Powder XRD patterns were obtained by using a Rigaku 2550
diffractometer with Cu Ka radiation (A=0.15418 nm). TG-
MS was performed on NETZSCH STA499F3
QMS403D\Bruker V70 under N, atmosphere at a heating rate
of 10 °C min'. Scanning electron microscopy (SEM) was
done on a Hitachi S-5200 electron microscope. Transmission
electron microscopy (TEM) images were obtained from an
FEI Tecnai G2 F20s-twin D573 field emission transmission
electron microscope at an accelerating voltage of 200 kV. N,
adsorption-desorption isotherms were collected at 77 K from a
Micromeritics ASAP 2020 sorptometer. The samples were
degassed at 200 °C for a minimum of 10 h prior to analysis.
The Brunauer-Emmett-Teller (BET) surface area was calcu-
lated using the N, adsorption isotherm data in the relative
pressure range 0.05 to 0.25. The total pore volume was ob-
tained at a relative pressure of 0.995. Micropore volumes were
determined according to the V-t plot method. The pore size
distributions (PSDs) were obtained from the N, adsorption
isotherms using the original density functional theory method.
X-ray photoelectron spectroscopy (XPS) spectra were
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acquired using an ESCALAB250 spectrometer. Raman spec-
troscopy was obtained from LabRAM HR Evolution.

2.3 Electrochemical measurements

The electrochemical measurements were conducted on a Bio-
Logic VSP electrochemical workstation with a standard three-
electrode system. A catalyst-coated glassy carbon rotating
disk electrode (diameter 3 mm) was used as the working elec-
trode, Ag/AgCl as the reference electrode (in saturated KCI
solution), and Pt foil as the counter electrode. To prepare the
working electrode, the as-synthesized catalyst (4 mg) was dis-
persed in a solution of ethanol (0.98 mL) and Nafion suspen-
sion (5 wt%, 0.02 mL) under sonication for 2 h to form a
homogeneous catalyst ink. Next, the catalyst ink (0.005 mL)
was placed drop wise onto a glassy carbon rotating disk elec-
trode and dried in air. Cyclic voltammetry (CV) measurements
were carried out either in N,- or O,-saturated 0.1 M KOH
solution at a scan rate of 50 mV s'. The rotating disk elec-
trode (RDE) tests were performed in O,-saturated 0.1 M KOH
solution at a sweep rate of 5 mV s '. All the electrochemical
measurements were performed under room temperature. For
comparison, the same electrochemical tests with the same
loading were conducted with commercial Pt/C (20 wt% plat-
inum, Macklin).

The Koutecky-Levich (K-L) plots (J~' vs. w'?) were ana-
lyzed at various electrode potentials. The electron transfer
numbers for the oxygen reduction reaction were determined
from the slopes of the linear lines according to the K-L equa-
tion (Eq. 1):

11 11 +1
Jx  Bw'lr Jk

J T
B = 0.62nFCo(Dy)* v/ (2)
Jx = nFkCy (3)

where J is the measured current density, JK and JL are the
kinetic- and diffusion-limited current densities, w is the angu-
lar velocity of the disk (w= 27N, N is the rotation speed), n is
the electron transfer number, F is the Faraday constant (F'=
96,485 C mol "), C, is the bulk concentration of O, (Co=
1.2%107° mol cm > in 0.1 M KOH), D, is diffusion coeffi-
cient of O, (Dy=1.9%x 107> cm?s ! (in 0.1 M KOH), v is the
kinematic viscosity of the electrolyte (v=0.01 cm® s ' in
0.1 M KOH), and £ is the electron transfer rate constant.

For stability tests, chronoamperometric measurements
were conducted at —0.4 V (vs. Ag/AgCl) at a rotating speed
of 1600 rpm under O, atmosphere. The measured potentials
against Ag/AgCl were then converted to RHE using the rela-
tion, in 0.1 M KOH, E,oental V8- RHE =Epocengal V8. Ag/
AgCl+0.1989 V +0.0592 pH).

3 Results and discussion
3.1 Structural characterization of the samples

From SEM photographs (Fig. 1 and Fig. S1) of NMCs, the
direct carbonized tofu was large monolithic with rough sur-
face, implying its dense texture. This means self-activation is
not sufficient. Involve low ratio ZnCl, result insufficient acti-
vation either, only few large holes with dense surface could be
observed from magnified photographs of DZ21 and DZ11.

However, after more ZnCl, was involved, as observed in
SEM images of DZ13 to DZ15, cinder-like nanoparticles with
flufty surface composed of abundant large macropores and
mesopores could be identified. This means more developed
porosity arouse from ZnCl, activation.

Nitrogen adsorption results (Fig. 1 and Table S2) confirmed
the evolution of porosity. The direct carbonized tofu showed
dense structure with ultra-low surface area of 2.2 m”> g ' After
ZnCl, was involved, the BET surface area increased signifi-
cantly reaching a high value of 612 m* g'(DZ21) and the total
pore volume also increased to 0.30 cm® g™'. Further elevate
ZnCl, ratio will endow more developed porosity. After optimi-
zation, BET surface area and total pore volume could be ele-
vated to ultra-high values of 1173 m* g ' and 0.94 cm® g,
respectively. More important, a more obviously change could
be identified from their porous structures, viz. from micropo-
rous to mesoporous structure. DZ21 and DZ11 possessed sim-
ilar type I isotherms which means typical microporous struc-
ture. After more ZnCl, was involved, the pore gradually ex-
panded into mesopore scale (from DZ12 to DZ15) as reflected
by the presenting of type IV isotherms (proof of mesoporous
structure). DZ12 and DZ13 showed similar isotherms (type IV
isotherm with H4 hysteresis loop), which means coexistence of
mesopore and micropores. DZ21 possessed ultra-low
mesopore volume of only 0.04 cm® g ', while DZ13 showed
high mesopore volume of 0.68 cm® g~ '. The dramatic increase
of mesopores confirmed the effective reaming effect for ZnCl,.
The pore structure changed more significantly when we further
elevate ZnCl, ratio. DZ14 and DZ15 presented type IV iso-
therm with H3 hysteresis loop. These results mean that DZ14
and DZ15 possessed widespread pore size distribution
contained both micropores, mesopores, and macropores.

Micropore volume of DZ14 was only 0.10 cm® g_l, which
is much lower than DZ21 (0.26 cm® g '). On the contrary,
DZ14 showed ultra-high mesopore volume of 0.88 cm® g ',
which is obviously far beyond that of DZ21 (0.04 cm® g ™),
and highlighted the reaming effect of ZnCl,. The drop in
mesopore volume from DZ14 to DZ15 implied the collapse
of porous structure caused by over activation due to the in-
volving of excessive amount of ZnCl,. DFT pore size distri-
bution further confirmed our analysis. Despite DZ21 and
DZ11 contained mainly micropore ( 2 nm), all the other
NMCs presented dual mesopores concentrated in 3 nm and
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Fig. 1 SEM images of nitrogen-doped porous carbon. a, b DZ21, ¢, d DZ11, e, f DZ12, g, h DZ13, i, j DZ14, k, 1 for DZ15

30 nm. This further confirmed the successfully incorporation
of mesopores in NMCs by ZnCl, activation.

To get more information about the texture characters of
NMCs, TEM and XPS were also performed. TEM images
(Fig. 3) confirmed that NMCs possessed homogeneous
textures with well-developed porous structure. DZ21 and
DZ11 were integral monolithic and large amount of micro-
pores could be the identified from their magnified TEM
images. This is consistent with N, sorption results, which
further confirmed their microporous structures. On the
contrary, DZ12 to DZ15 presented fluffy structures with

Fig. 2 a Nitrogen adsorption-

¥

abundant mesopores. Combined with the SEM and nitro-
gen adsorption results, we confirmed that ZnCl, activation
did afford these samples with fine mesoporous structure.
To note, unlike other biochars which will inherit the unde-
sirable micro structure of their parental biomass, no struc-
ture separation could be observed in NMCs. Both micro-
pores and mesopores were distributed homogeneously,
which attribute to the homogeneous construction of tofu
precursor and the ZnCl, activation afforded atoms rear-
rangement, thus highlighting the advantage of choosing
tofu as carbon precursor.
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Table 1 Textural properties of nitrogen-doped porous carbon

Name BET (m * g) Vol (€m > g) Shmicro (M ° ) Viniero (cm ™ g) Smeso (M2 g) Vineso (cm > )
DZ21 612 0.30 545 0.26 66 0.04

DZI11 883 0.44 575 0.26 308 0.15

DZ12 996 0.70 410 0.18 585 0.49

DZ13 1061 0.83 332 0.15 677 0.68

DZ14 1062 0.97 236 0.10 825 0.88

DZ15 1173 0.94 297 0.13 876 0.82

Element analysis (Table S1) revealed that NMCs could
preserve nitrogen heteroatoms effectively (> 5 wt%). And
the total nitrogen content could even reach high values of
7.74 wt%. Unlike the dramatic changes in porosity, variation
of ZnCl, ratio did not affect total nitrogen amount significant-
ly, but nitrogen content still varied in a small range. Though
ZnCl, activation process experienced merely dehydration (on-
ly hydrogen and oxygen atoms participate), the biomolecules
in tofu contain so large content of hydrogen and oxygen,
which means removal of these atoms will also disturb the total

IE— ROy

Fig. 3 TEM images of nitrogen-doped porous carbon, DZ21 (a, b), DZ11 (¢, d), DZ12 (e, f), DZ13 (g, h), DZ14 (i, j), and DZ15 (k, 1

framework and further cause the rearrangement of residual
atoms, viz. C and N.

Thus, variation of ZnCl, content will also affect N func-
tionalities, which also contribute to the homogeneous distri-
bution of nitrogen heteroatom (Fig. S2). Nitrogen content was
calculated from XPS spectra corresponding well with element
analysis. High-resolution N1s spectra (Fig. 4) revealed that
these samples contained similar nitrogen function groups ei-
ther. Briefly, three types of nitrogen, i.e., pyrollic-N, pyridinic-
N, and graphitic-N, could be distinguished [30-35]. Pyrollic-

2
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N and pyridinic-N are major nitrogen forms. The lacking of
most stable graphitic-N is attributed to the existence of high
content heteroatoms and the rearrangement of atoms during
ZnCl, activation, which could be confirmed by the high Ip/Ig
ratio (/p/lg > 1, Fig. S3) of NMC:s. Fortunately, the hydrophil-
ic pyrollic-N groups could guarantee smooth penetration of
aqueous electrolyte in carbon catalyst, to make it more suit-
able catalyst to operate in aqueous solution involved applica-
tions. More important, pyridinic-N could afford adjacent car-
bon atoms more positive charge density, which is preferable
for the chemisorption of oxygen molecules and weakens the
0-0 bonding to promote the ORR catalytic process, thus is
favorable for ORR [9-11, 36, 37].

Raman spectrum (Fig. S3) of NMCs showed high /Ip/Ig
ratio (Ip/Ig > 1) confirming the amorphous texture containing
majorly disordered skeletons. The high disordered carbon
frameworks for NMCs arouse from in situ doped nitrogen
along with defects and edges introduced by chemical activa-
tion. To note, some literature reported that defect and edges of
carbon frameworks could also serve as ORR active sites to
show considerable ORR activity either [1, 38, 39]. Thus, the
high Ip/Ig ratio obtained in NMCs means they may present
high ORR activity.

3.2 Catalytic performance of nitrogen-doped porous
carbon as the electrocatalyst for ORR

Based on their structure and texture information, we explored
the ORR activity of NMCs. CV measurement was first per-
formed to test their potential ORR activities. NMCs showed
pseudo-rectangle-shaped CV curves in N, saturated 0.1 M
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Fig. 4 XPS spectrum nitrogen species for a DZ21, b DZ11, ¢ DZ12, d DZ13, e DZ14, and f DZ15

Binding Energy (eV)

KOH electrolyte (Fig. 5, S4) and no obvious peaks could be
observed. In contrary, strong redox peaks emerged at around
0.8 V (vs. RHE) in O, saturate 0.1 M KOH electrolyte. The
strong contrast before and after introduction of O, means the
redox peaks are attributed to the reducing of oxygen molecule,
which confirmed the high ORR activity of NMCs.

LSV tests (Fig. 5) revealed that at a rotating speed of
1600 rpm, DZ21 showed inferior ORR activity presented a
negative onset potential of 0.781 V (vs. RHE). Luckily, the
onset potentials showed positive shifts for the residual sam-
ples. This is consistent with the positive shift of their redox
peaks in CV curves. Nitrogen functionalities and porous struc-
tures are main factors affecting the ORR performance of
metal-free catalyst. Considering that NMCs held similar nitro-
gen composition (both N amount and chemical forms), they
should hold similar amount active sites. Thus, we attributed
their different performances to the changes in porosity. In fact,
the variation of ORR activities did showed strong relevance to
the development of porosity in NMCs. When the BET surface
area increased from 612 m 2 g (DZ21) to 1173 m 2 g (DZ15),
the onset potential showed positive shifts, from 0.78 V (vs.
RHE DZ21) to high values of 0.894 V (vs. RHE for DZ14).
However, the onset potential downshifted to 0.884 V (vs.
RHE more negative in DZ15). This means BET surface area
may not be the dominant factor influencing the ORR activity.
However, the changes in ORR activity showed strong corre-
lations with mesopore amount. As we described before, DZ14
held the highest mesopore volume, while over activation will
cause structure collapse, leading to a significant drop of
mesopores in DZ15 (especially for mesopores in the range
of 20 to 50 nm Fig. 2, Table 1). The decrease in mesopores
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means limited reactant transport path. Besides, over activation
also result in a decrease of nitrogen species in DZ15 (espe-
cially catalytic active pyridinic-N moieties, Table S1), which
will obviously drag the ORR activity. While the onset poten-
tial for DZ14 is close to commercial Pt/C (20 wt%) catalyst
and superior than many nitrogen-doped carbons reported in
literature, like mesoporous nitrogen-doped carbon microfibers
[40], nanoshell carbon co-doped with boron and nitrogen [41],
three-dimensional nitrogen-doped graphene [42], and
nitrogen-doped graphene anchored cobalt oxides [43] sug-
gests it’s fine ORR catalytic activity.

To give deep insight into the reaction mechanism, we then
conducted RDE test to collect LSV curves of DZ14 at different
rotating. LSV curves showed that limiting current density in-
creased almost linearly from 225 to 2025 rpm, corresponding
to the previous reports that diffusion distance could be short-
ened at higher rotation rates. The linearity of K-L plots sug-
gests first-order reaction kinetics toward the concentration of
dissolved oxygen [17, 22, 44]. The electrons transferred num-
ber (n) per O, was calculated from the slopes of K-L equation.
Electrons transferred per O, (n) of DZ14 were 3.9 (at—0.6 V
(vs. Ag/AgCl)), 3.91 (at —0.55 V (vs. Ag/AgCl)), and 3.73 (at
—0.5 V (vs. Ag/AgCl)). This means the reduction of oxygen
processes in DZ14 experienced a high efficient 4¢ pathway.
Besides the high activity, stability is another key parameter in
elevate catalyst. Durability test shows that after 12,000 s con-
tinuing operation, only 80% of the initial current could be
maintained in commercial Pt/C catalyst. However, high current
retention of 90% could be realized from DZ14, suggesting the
superior stability comparing with commercial Pt/C catalyst.

Time (s)
4 Conclusion

In summary, we prepared N-doped mesoporous carbons
(NMCs) using tofu as precursor and through ZnCl, activation
process. The porosity for these porous carbon materials can be
conveniently controlled by simply regulation ZnCl, ratio.
After optimization, tofu-derived NMCs could show high
mesoporous porosity with homogeneous distribution of nitro-
gen functionalities. As a result, DZ14 presented high ORR
activity, experiencing a high efficient 4¢- ORR path and
showed better stability than Pt/C. Except for presenting a sat-
isfied metal-free ORR electrocatalyst, the comprehensive re-
search in this paper will also promote the development of
biomass-derived carbon electrocatalyst.
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