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Abstract

Developing cost-effective and high active catalystshe oxygen reduction reaction
(ORR) is vital for the application of fuel cellsa this work, nitrogen-doped porous
carbon nanosheets(N-PC) derived from biomass veasteean residue were prepared
by a facile combining method of solid state grigdand pyrolysing, using g48, as
both nitrogen source and sacrificial template. bhgrefit of this facile process is that
neither a designated template nor a chemical dctgyagent is required. The influence
of g-GN4 level on the structure and ORR behavior of thalltieg N-PC was
systematically investigated by means of spectrosdefi’S), surface area analysis
(BET), electron microscopy (TEM, SEM) et al., anldctrochemical experiments.
The optimized sample possesses appropriate defactse, high BET surface area
and pore volume (483 1y* and 1.57 crhg?), and high N content (6.04 at.%), and

exhibits decent activity and methanol toleranc©RR process. Its superior stability



versus the commercial Pt/C is also evidenced byostmb0 % higher in
chronoamperometric current response after 3600nslsctesting duration. This work
supplies a simple and economical route to syntkesiperior electrocatalyst for ORR

on the basis of biomass waste.

Keywords. Biomass waste; Nitrogen doped carbon; Oxygenatamiureaction; Fuel

cell.
1. Introduction

Fuel cells are an alternative, more efficient, greaergy source and represent a
focus of many researchers. In fuel cells, the ahmxygen reduction reaction (ORR)
is an essential step, but it is currently sufferfrgm sluggish kinetics™. Pt-based
catalysts are often applied in ORR due to excebéttrochemical activity®, but the
exorbitant price, limited stability, and poor reaisce to CHOH impede the application
of Pt-based catalysts in ORR Thus, researchers started to develop some ecoabmi
and efficient catalysts as a substitution for RhoRg these catalysts, nitrogen-doped
carbon materials (N-C) present excellent electadght performance in ORR thanks

to their unique electronic properties

Recently, exploiting biomass resources to buildalgats has drawn increased
attention of researchers, owing to its low-cost sxyclability. The unique properties
and high content of C and N elements endow the &$smwvith a potential to prepare
porous N-C materials for electrocataly§ig> Zhang and his co-workers synthesized
N-C mesoporous materials containing a consideiagidinic-N content of 11.58 at.%
from chitosan. The obtained N-C possessed a huggcsuarea (SA) of 1190 1gj?,
and exhibited excellent ORR activity in alkalindusimn *°. Liu et al. fabricated a
graphene-like porous N-C material from fruits obggy privet. The prepared catalyst
had high specific surface areas, good conductiaitertain number of doped N atoms,

topological defects, and presented remarkable OBRitg 2 Unfortunately, the



proposed methods were complicated.

Additionally, adopting the appropriate method tongeate and adjust the pore
structure of N-C materials is of great importarsiece the property of porous structure
in carbon materials is directly related to the #pesurface area, defect degree,
electron/ion transfer, and N doping, and thus tRRQerformance. Now, the general
strategy to synthesize porous N-C catalysts isgusitemplate or activation agéefit”.

For instance, Cao et al. used ZIF-7 as templategiuntbse as carbon feedstock to
produce N-doped porous carbdnwhich exhibits excellent electrocatalytic activior
ORR. Subashchandrabose’s group fabricated hiecalchiN-C with excellent
electrocatalytic activity toward ORR, by using Bssas Flabellifer combined with a
metal hydroxide activating agefit However, for the template route, the cost was
higher and more reaction steps were required tthegize the template, use it, and
remove it. Another method was to use activatiomeggen which the harsh chemicals
were often used as activating agents, and podttezs of washing was also
indispensable. In recent years, graphitic carbamdei (g-GN,) has been regarded as
a superior material to synthesize N-doped poroubotamaterials, since gsN4
contains a lot of N (57.1 at.%), and has easilyotable structure. These
characteristics indicate that gNC,can be applied both as template and N source for
preparing porous N-C. Additionally, gs84; could completely decompose at the
temperatures above 710 *®. Thus, extra template removing operation could be
omitted during the N-C material preparation. Fatamce, Zhang et al. acquired N-C
nanosheets with micro- and mesopores via carbanglircose coated with gsNy4, the
optimal catalyst possessed high percentage of M @it1%) and SA (1077 Tgt), and
showing improved ORR activity, stability, and metbhresistance with respect to
commercial Pt/C catalyst’. Li and his co-workers fabricated chitin and gNG
composites derived N-doped carbon via the low-teatpee dissolution and

carbonization, the obtained product displayed denehctivity toward ORR’.



Here, we provide a very simple procedure for pregaN-doped hierarchical
porous carbon nanosheets (N-PC), using the wagbean residue as the C source, and
g-CsN4 as both nitrogen source and sacrificial templBbe. effect of g-@N4 dosage on
the composition and structure of the obtained NARE comprehensively investigated.
Though previous research works have demonstragepassibility of using g-¢N4 for
the preparation of N-doped porous carbon mateffaleur knowledge, the systematic
research of the synergy of N-doping and structureng determined by the g;8,
precursor level has not been reported. We demaedhere that the optimal N-PC
catalyst prepared with appropriate gNg amount presented decent ORR activity that
can stand comparison with Pt/C, and its stabilitgy &HOH tolerance are superior to

Pt/C in ORR process.
2. Experiments
21. Synthesis

All chemicals (analytical grade) were supplied frima commercial sources. The
g-CsN4 was synthesized by pyrolysis of urea in staticfallowing the literaturé’. The
purified soybean dregs (SDs) were obtained accgriditthe procedure in the previous

work %2,

0.25 g of SDs, a certain amount of gNg, and 5 mL ethanol were firstly mixed
thoroughly by grinding in an agate mortar, followsdannealing in a tube oven at 800
for 2 hours under nitrogen gas atmosphere, witteatifg rate of 57 min™. The
resulted materials are marked as N-PC-x, with otEnmass ratio of gz, to SDs.
To spotlight the role of g-Bly, the reference sample N-C was prepared by aniodént

process without the addition of g.

2.2. Physical and chemical characterizations



The surface morphology and structure of the catalgsiples were characterized by
scanning electron microscope (SEM, Hitachi SU8QWHpan). Transmission electron
microscopy (TEM) and selected area mapping wereabpg on a JEM-2100F
instrument with acceleration voltage of 100 kV. Téteemical composition of the
catalyst’s surface was studied by X-ray photoetectspectroscopy (XPS) using
ESCALAB 250 (Thermo Fisher Scientific, USA). Elentnanalysis of C, N, and O
were performed on an Elementar vario EL cube El¢ateinalyzer. The Raman
spectra were recorded upon irradiation at 532 nimguke Briker Senterra R200-L
microscope. Nitrogen adsorption and desorption weerded on the nitrogen sorption
apparatus (3H-2000PM1/2, China). The Barrett—Jeyralenda (BJH) model was
used to analyze the obtained isotherms to delheespecific SA, pore size distribution,

and pore volume.
2.3. Electrochemical measurements

The ORR performance was measured on a WaveDrivpoihtiostat/galvanostat
station (PINE Research Instrumentation) using thedard, three-electrode system.
The Hg/HgO electrode and platinum wire were usethageference and the counter
electrodes, respectively. The rotating ring-diskctlbde (RRDE) or the rotating disk
electrode (RDE) coated with the catalyst was @dias a working electrode. The 5 mg
catalyst was dispersed in 4hQ of isopropanol and 50L of Nafion (5 %). 5uL of
prepared dispersion was dropped accurately ontoRDE or RRDE electrode to
fabricate the working electrode. Linear sweep voitetry (LSV) was tested using
oxygen saturated 0.1 M KOH at the scan rate of Sshivetween - 0.90 to 0.20 V. From
the LSV curves recorded at rotation speeds from 402025 rpm, the number of

transferred electrons (n) was calculated using<thetecky-Levich (K-L) equatiof™
/] =1/Jx +B 0™ (1)

B = 0.2nF(D,)?*3v-1/¢C, (2)



Tafel plots were derived from LSV profiles measuremth RDE, and
chronoamperometry (CA) was measured at the appbéghtial of - 0.30 V with 1600

rpm rotating speed. RRDE measurement was usedthefyprovide the information of

H,0; yield by the followed equation:

_ Ip
n=4x o E 3)

& 4)

Hy0,% = 200 X

Where b and k are measurement currents on disk and ring elextrodspectively,

N is the collection efficiency of ring electroder¢d). All potentials mentioned in this

study are versus the potential of the standard Bi@/Electrode.

3. Resultsand discussion

3.1. Physicochemical characterization analysis

Fig. 1. SEM images of (a) N-C, (b) N-PC-0.5, (c) N-PC-1,NdPC-4, and (e) N-PC-8

Fig. 1 illustrates the SEM results of all as-preplasamples. N-C prepared without

adding g-GN4 exists in a compact and lumpy state with some Ispnaduberances on



its surface. Whilst the series of N-PC catalystsl@kloose and curved nanosheets, and
with the increase of g-fBl4 precursor amount from N-PC-0.5 to N-PC-8 the niater
structure is more fluffy and porous, which mightibduced by the more gases were
released during the pyrolysis process of )t The crumpled and porous nanosheet
structure in N-PC catalysts would be expected twige high BET surface and pore

volume, and may act favorably to the ORR process.

200 nm

Intensity (a.u.)

Energy (keV)
Fig. 2. TEM images of (a) N-C, (b) N-PC-0.5, (c) N-PC-1), KdPC-4, (e) N-PC-8, and
() EDS and elemental mapping images of N-PC-4.



The TEM were further characterized to present tiogpimology of all as-prepared
samples. We can see that the N-C derived from poybean dregs exhibits dense
structure without obvious pores. However, when sdCwas introduced into the
synthetic system, the obtained N-PC series sangaesess wrinkled graphene-like
structure with irregular pores (Fig. 2b-e), whichuld be conducted to the increase of
surface area, active site exposure, and mass ararksfy. 2f shows the EDS and
elemental mapping pattern of the typical N-PC-4lgat, It is apparent that N is

well-dispersed throughout the sample, and this gllp generate more N-C active

sites.
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Fig. 3. N, adsorption-desorption isotherms and pore sizeiloigtons of (a) N-PC-0.5,
(b) N-PC-1, (c) N-PC-4, and (d) N-PC-8.



N, adsorption/desorption was applied to estimate tAeaBd porosity of N-PC
structures. As shown in Fig. 3, all N-PC catalystssent typical type IV isotherms. A
vertical increase in the low relative pressyng egion and an apparent hysteresis loop
in the vicinity of highp, means that micropores and mesopores coexist icathéysts.

A sharp peak centered around 0.6 nm can be clebdgrved in the insets of Fig. 3,
which is attributed to the microporous structureNsPC samples. Moreover, it is
obviously that with the increase of gNG, precursor amount, the pore size distribution
gradually widen from N-PC-0.5 to N-PC-8, the prdmr of mesopore gradually

increases and macropores begin to appear..

Table 1 Textural parameters of various samples

Sam p le gET[a] VT[b] Vm icro[c] meS(gd] Dap[e]
(Mgh (em’gh) (em’gh) (emPgh) (hm)
N-PC-0.5 478 0.43 0.19 0.24 4.36
N-PC-1 425 0.45 0.17 0.28 5.04
N-PC-4 483 1.57 0.20 1.37 15.53
N-PC-8 411 1.47 0.17 1.30 17.12

& Specific surface are&! Total pore volumé® Micropore volume!¥ Mesopore

volume.!® Average pore diameter.

From the textural parameters of N-PC samples (Tableve can see that, the
micropore volumes of all N-PC are approximately8och? g, while the volume of
mesopore is increased from 0.24%am of N-PC-0.5 to 1.37 cig* of N-PC-4, as well
as the total volume from 0.43 ém* to 1.57 cmig, versus the increase of the g\NG
amount, except for the N-PC-8 in which the mesopme total volumes go down to
1.30 cni g* and 1.47 crhg?, respectively. These results indicate that thesNsC
dosage has evident effect on the generation of poescstructure. When the g,
precursor is added within a certain amount (fro®GH).5 to N-PC-4), the mesopore
volume of the obtained N-PC materials significamtigreases with the decomposition
of g-GN4. However, when the g8, level is excessive, a mass of gas released from
g-C3N4 pyrolysis may cause the collapse of some mesopor&sm macropores in

9



N-PC-8. It is worth noting that N-PC-4 shows biggedal and mesopore volumes
(1.57 nt gt and 1.37 mg?, respectively) in as-prepared N-PC samples, evengh
they all have the similar BET areas of around 45@jm

1./1.=1.03

Intensity (a.u.)

0 1000 2000 3000 4000
Raman shift (cm™)

Fig. 4. Raman spectra of N-C, N-PC-0.5, N-PC-1, N-PC-4, d+PC-8.

Raman spectroscopy was examined to research tpeititalegree and characterize
the defect structures of all synthetic catalysts.pfotted in Fig. 4, all the as-prepared
samples present distinct 2D bands at ca. 2708 icnRaman, indicating the formation
of graphene-like layers in the N-C and N-BE Besides, two prominent peaks
corresponding to the G band (1580 9rand D band (1350 ch) are observed. The D
band is related to the structural defect and dexamg of graphitic C, and the G band is
related to well-structured graphite. The relatimeensity of two bandsldf/lc) is a
descriptor of the structural defects of carbonasevaterials. The intensity ratids/l )
of N-PC materials increase with the proportion €4\, in precursor mixture, from
0.94 of N-PC-0.5 to 1.03 of N-PC-8 (as shown in.Hg, signifying that the
introduction of g-GNg4 is closely linked with the defect structure of tiesulting N-PC

samples. As we know, the appropriate defect stragtucarbon-based catalysts would

10



benefit to supply more active sites for ORR>
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Fig. 5. (a) XPS surveys and (b) N 1s XPS spectra for NN@C-0.5, N-PC-1,
N-PC-4, and N-PC-8.

The element composition and chemical state on tinlace of all samples were
analyzed using XPS (Fig. 5). The chemical compmsétiare summarized in Table 2.
The XPS survey spectra show the co-existence Nf @xd O atoms in all samples (Fig.
5a). When increasing the quantity of the gNCprecursor in the synthesis mixture, the
nitrogen level increases from 2.05 at. % of N-@G168 at. % of N-PC-8. This result
reveals that much of surface N species in N-PCiggnated from the g-€N4. The N in
carbon matrix can be associated with the pyridin@98.4 eV), pyrrole N (399.9 eV),
graphite N (401.0 eV), and oxidized N (402.5 eMy(Bb). In all synthesized materials,
the sum of pyridinic N and the graphitic N is doamt, which is expected to be
beneficial for ORR since both are generally consideas the active sites of
carbon-based catalysts for ORRIt is worth noting that the C contents of N-P@ese

samples also varies with the additive amount ogl§2CThis might be due to that some
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of carbonaceous species derived from thesl;Gemain in the as-prepared N-PC

materials’® % and their levels are affected by nitrogen doping.

Table 2 Chemical composition obtained from XPS analysisafbsamples

Sample Composition N 1s
(at.%) (%)
pyridinic  pyrrolic  graphitic  oxidized
= N © N N N N
N-C 82.00 2.05 15.95 18.49 23.27 52.36 5.88
N-PC-0.5 83.18 2.07 14.75 24.20 28.69 42.55 4.56
N-PC-1 89.40 4.21 6.39 21.83 25.58 43.91 8.68
N-PC-4 85.62 6.04 8.34 25.54 31.92 35.46 7.08
N-PC-8 85.20 6.78 7.93 24.61 30.38 36.95 8.36

Table 3 shows the elementary analysis (EA) residltdl as-prepared samples. It is
apparent that the bulk N and C content also vavitssthe g-GN4 amount, showing the
similar variation trend as the XPS results. Th&iubmount increase from 6.77 wt. %

of N-C to 11.17 wt. % of N-PC-8, according to the results.

Table 3 The content of C, N, and O obtained from elemesmalysis

Sample C N O
(wt.%) (wt.%) (wt. %)
N-C 77.38 6.77 13.97
N-PC-0.5 79.13 7.75 11.64
N-PC-1 80.64 7.85 10.12
N-PC-4 77.20 9.30 11.84
N-PC-8 78.72 11.17 8.42

From the above discussion results, we can knowagbartt from being a nitrogen
source, g-GN4 is also act as a structure regulator. A moderateuat of g-GN4
precursor can give rise to a porous graphene-lH&O\catalyst with high surface area
and plenty mesopore on the basis of providing aBonN-C active sites, which would

be expected to reach a superior synergy and bgdbignORR process. And that is why

12



we did not use excessive gNG to further obtain N-PC with higher N content that

might be comparable to those reported in the liteeg® >’

3.2. Electrochemical performancein oxygen reduction reaction
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Fig. 6. (&) ORR polarization curves of all prepared samatesPt/C in @Qstatured
0.1 M KOH with sweep rate of 5 mV*at 1600 rpm. (b) Tafel plots of N-PC-4 sample

and Pt/C catalysts.

Fig. 6a represents the LSV profiles of all as-predasamples and Pt/C. The
reference N-C sample shows the poorest ORR actidiyen the mass ratios of g,
to SDs progressively increase from 0.5 to 4, th&r@iRtivity of corresponding N-PC
catalysts continues to rise. N-PC-4 shows best @&Rity as indicated by the most
positive onset potential (Fj of 0.03 V and half-wave potential (g of - 0.10 V, which
are only slightly negatively shifted vs. those lné Pt/C (B, and Bpare 0.09 V and -
0.03V, respectively). Moreover, N-PC-4 exhibitsuager limited current density (5.09
mA cni?) than commercial Pt/C (4.63 mA &n When further increasing the gC,
amount, the ORR activity of the corresponding N-&@rops to lower than that of the
N-PC-4. The decent ORR activity of the N-PC-4 midiet originated from the
appropriate defect level, high BET SA and pore ma@yand high N containing active
sites, as discussed previously in the physicaladtarization sections (Raman, BET,

and XPS analysis results). It should be notedttimigh the N-PC-8 possesses higher

13



N amount than N-PC-4, the relative poor electrmahductivity caused by the high
defect degree, smaller surface area and pore vo(especially mesopore volume)
might be the main reason for the low activity oP-8 in comparison to N-PC-4. The
Tafel plots of N-PC-4 and the Pt/C are presentatl @mpared in Fig. 6b. At high
potentials, the obtained slope of Tafel plot foP8-4 (84 mV de?) is lower than the
value for commercial Pt/C (92 mV d8&¢ suggesting that the former has faster

electrocatalytic reaction kinetics.
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Fig. 7. (a) LSV curves of N-PC-4 at different rotation sgpedérom 400 rpm to
2025 rpm with a scan rate of 5 mVia O, statured 0.1 M KOH, the inset displays the
K-L plots and electron transfer number of N-PC-tmpke. (b) The HO, yield and

electron transfer number calculated from RRDE tektd-PC-4 sample.

The LSV curves at various rotating speeds wereedett further describe ORR
performance of N-PC-4 (Fig. 7a), and the correspanld-L plots are given in the inset
of Fig. 7a. The K-L plots are linear from - 0.30-1.70 V, and the calculated number of
transferred electrons (n) is 3.3. To further inggge the ORR progress of N-PC-4,
RRDE measurement was undertaken at the potenéigebn -0.80 and -0.30 V. Using
the formulas (3) and (4), the calculated electrangfer number is 3.31 to 3.68, and the
H.0O; yield is within 34 % (Fig. 7b). This finding sugge that the optimized N-PC-4 is

beneficial to the ORR process through an apparefitéct four-electron pathway.
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Fig. 8. (a) Chronoamperometric curves of N-PC-4 and Rt/Qzisaturated 0.1 M
KOH solution at 0.30 V with the rotation speed 600 rpm. (b) Chronoamperometric
responses of N-PC-4 and Pt/C ipsaturated in 0.1 M KOH solution after the addition

of methanol.

The catalyst stability is a valuable parametettieroverall performance of a catalyst.
The durability of N-PC-4 and Pt/C was tested by@#eand the results are shown in
Fig. 8a. After 1 hour of continuous operation, @RR current density retention is up to
89.6 % for N-PC-4, much better compared to Pt/@lgst (60.5 %), indicating the
superior ORR catalytic stability of the syntheticPC-4 catalyst. As methanol
tolerance is very important for the actual appia@abf ORR catalysts in fuel cells, the
LSV responses for ORR before and after the adddfanethanol were investigated on
both N-PC-4 and Pt/C. As shown in Fig. 8b, a sl@figOH oxidation peak is observed
in LSV profile of Pt/C after 1 M methanol is addest,companied with the negative
shift of peak positions by more than 250 mV comg@anvéh the result of Pt/C in 0.1 M
KOH without methanol. On the other hand, LSV pedibf N-PC-4 remain unchanged
before and after the addition of @BbH, indicating the excellent methanol resistance of

N-PC-4.
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4, Conclusions

In this work, N-doped carbon nanosheets with hétiaal pore structure were
facilely fabricated from soybean residue by solidge grinding combined with
pyrolysis. g-GN4 was used as both a sacrificial template and @getr source to
dope nitrogen and generate a plentiful mesoponetsire. The optimized sample
N-PC-4 shows favorable ORR catalytic activity, sigredurability, and exceptional
CH3OH tolerance for ORR in alkaline electrolyte. Thisuld be ascribed to the
appropriate defect structure & level, high BET S#fdaore volume, and abundance
of N-containing active sites in N-PC-4 that benefjtto the ORR. This work supplies
a very convenient and energy-saving strategy toidate efficient and economical

ORR catalysts based on biomass waste.
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N doped porous carbon materials (N-PC) were prepared by a facile strategy using biomass
waste soybean residue as carbon source.The optimized N-PC presents superior cataytic activity
and stability in ORR.
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