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1. Introduction

The electrochemical two-electron oxygen reduction reaction
(2e"ORR) is a potential strategy to produce H202 on site under mild
conditions [1,2]. However, due to the slow kinetic process of 26 ORR
and the competition of 4¢~ ORR, the low reactivity and unsatisfactory
H20:z selectivity need to be overcome [3,4]. The weaknesses of high
cost, poor chemical stability and scarcity limit the use of precious
metal materials (e.g., Au, Pt, Pd, and Pd-Au) [5,6,7]. Besides, the
limited active site is the disadvantage of single-atom catalysts [8,9].

Due to sustainability, simple synthesis, and low cost, biomass
carbon shows potential for 2e” ORR [10,11]. The construction of
efficient active sites on carbon catalysts through the introduction of
functional groups [12], heteroatom doping [13,14] and defect
engineering [15,16], have proved to be effective to change the ORR
pathway (O2—*OOH—HO:"). The oxygen-containing functional
groups on carbon dots were precisely regulated to achieve the 2e~
ORR pathway [17]. In this work, the biomass carbon containing
hydroxyl and nitrogen (HNC) displayed high H20: selectivity (97%
at 0.3 Vvs. RHE) for 2¢” ORR. The FE reached 98% at 0.3 V vs. RHE.
Further, the typical organic pollutants were degraded in flow cell,
such as tetracycline (TC), thodamine B (RhB) and methylene blue (MB).

2. Experimental

Materials: Chitosan (CTS) and Carboxylated cellulose nanofibers
(CCN) were directly obtained from Macklin Inc Co., Ltd. Potassium
hydroxide (KOH) and Sulfuric Acid were purchased from Sinopharm
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Elevating the selectivity of two-electron oxygen reduction reaction (2~ ORR) is challenging.
Herein, the hydroxyl combined with nitrogen on biomass carbon exhibits a high H2O: selectivity over
a wide potential range of 0 V to 0.5 V vs. RHE, which is nearly 97% at 0.3 V vs. RHE. The combination
of hydroxyl and nitrogen improves the adsorption and desorption of intermediates, finally changing
the reaction pathway and promoting the selectivity of 26- ORR. The Faradaic efficiency (FE) reaches
98% at 0.3 V vs. RHE. Furthermore, the typical organic pollutants were degraded on site in flow cell.
This work illustrates the potential of biomass carbon in 2e~ ORR.

Chemical Reagent Co., Ltd. All aqueous solutions were prepared using
deionized water obtained from Milli-Q ultrapure water (Millipore,
>18.2 MQ cm"). All of the reagents were of analytical grade (AR),
and used without further purification.

Synthesis of samples: 1.0 g of CTS was placed in the porcelain
boat, which was covered to prevent excessive loss during the pyrolysis
process. After that, this porcelain boat was put in a tube furnace, and
the temperature was raised to 500°C at a rate of 5°C-min~! under
a nitrogen atmosphere. The high temperature was maintained for
3 h for pyrolysis. After it was naturally cooled and ground, the HNC
catalyst can be obtained. The catalyst products at different pyrolysis
temperatures were also prepared here. Except that the pyrolysis
temperature was changed to 400°C, 600°C and 700°C, the samples
obtained without other preparation conditions were named HNC-400,
HNC-600 and HNC-700. The preparation method of HC was similar
to HNC, except that the raw material was CCN.

3. Results and discussion

A one-step heat treatment for CTS was conducted to obtain the
biomass carbon containing hydroxyl and nitrogen (denoted as HNC).
The synthetic route was illustrated in Figure 1(a). As seen from the
scanning electron microscopy (SEM), HNC exhibited a large and
thick irregular bulk structure (Figure 1(b)). The energy-dispersive
X-ray spectroscopy (EDS) elemental mapping images reveal the
existence and uniform distribution of C, O and N elements in HNC
(Figure 1(c)). For comparison, the other biomass carbon from CCN
without nitrogen was also prepared (denoted as HC). The preparation
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method was same. SEM images show that the HC appeared fibrous
and disorganized (Figure S1(a,b)). EDS elemental mapping images
reveal that the C and O elements were homogeneously distributed
in HC (Figure S1(c)). The contact angles for the HNC and HC were
measured to be 123° and 63°, respectively (Figure 1(d)) [18]. The
hydrophobicity exhibited by HNC was beneficial for the mass transfer
process of O2, thereby enhancing the performance of electrochemical
synthesis of H20..

The structural detail of functional groups in these samples could
be verified by Fourier transform infrared spectroscopy (FTIR). As
displayed in Figure 1(e), the spectra of HNC and HC exhibited a wide
peak at around 3422 cm!, which was mainly assigned to the stretching
vibration of the adsorbed water [19-21]. The small peak at 3240 cm™!
of HNC could be attributed to the stretching vibration of N—H, which
demonstrated the existence of amino functional groups [22,23]. The
asymmetric stretching vibration peak of C-N bond was also discovered
at 1414 cm™'. The common peaks located at 2930 cm™' and 868 cm™!
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were vested in the stretching vibration of C—H. The strong peak of
HC at 1445 cm™ was considered to the bending vibration of O-H in
carboxylic acid [24,25]. The peak located at 1680 cm™ was attributed
to the asymmetric stretching of C=C bonds. Besides, in the fingerprint
region, HNC and HC exhibited a stretching vibration peak (1150 cm™)
corresponding to C—OH and C-O-C groups.

The X-ray photoelectron spectroscopy (XPS) was further used
to illustrate the surface chemical composition [26-28]. HNC was
composed of C, O and N, whose contents were 79.3, 11.4 and 9.3 at%,
respectively, while HC only contained C (76.2 at%) and O (23.8 at%)
elements (Figure S2 and Table S1). These were consistent with EDS
elemental mapping images. The C 1s spectrum of HNC displays three
peaks at 284.8, 285.8 and 290.0 eV, corresponding to the C=C (68.8%),
C-O/C-N (20.8%) and n-m* (10.4%), respectively (Figure 2(a)) [29,30].
Similarly, the HC, HNC-600 and HNC-700 display three peaks at
nearby locations.
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Figure 1. Synthesis and characterization. (a) Synthesis scheme, (b) SEM image, (c) EDS elemental mapping of HNC, (d) Contact angle tests, and (e) FTIR

spectra of HNC and HC.
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Figure 2. XPS spectra of different samples. High-resolution XPS spectra of (a) C Is, (b) O Is, and (c) N 1s.
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The O 1s spectrum was fitted to distinguish the different surface
oxygenic functional groups (Figure 2(b)). For HNC, two main O—
containing species existed, namely C—O—-C (531.7 ¢V) and C—OH
(532.5eV) [31]. Among them, the content of C—O—C and C—OH
was 62.8% and 37.2%, respectively. The HC also showed two peaks
of C—O—C (44.7%) and C—OH (26.3%) at similar positions. In addition,
two peaks appeared at 533.3 eV and 536.9 eV according to -COOH
(15.8%) and H20 (13.2%), respectively [32,33]. These results were
in good agreement with that of FTIR. The O 1s spectra of HNC-600
and HNC-700, which were mainly identified as two different regions,
namely C—O—C and C-OH that were similar to HNC. With the increase
of annealing temperature, the C—OH content of the three samples
decreased, and the hydrogen peroxide selectivity of them showed the
same rule in the subsequent test. Due to the fact that hydroxyl led to
a weak oxygen (*O) adsorption tendency, it is inferred that C-OH
was beneficial to the selectivity of two-electron path in electrocatalytic
ORR in HNC [34].

The N 1s spectrum of HNC illustrates four peaks at 398.6, 400.2,
401.0, and 403.5 eV, corresponding to pyridinic N (44.9%), pyrrolic
N (30.3%), graphitic N (14.6%) and oxidized N (10.1%), respectively
(Figure 3(c)) [35-37]. With the increase of annealing temperature,
the content of pyridinic N decreased, which was consistent with the
rule of electrochemical test results, while the change law of pyrrolic
N content was opposite. It is reasonable to suppose that pyridinic N
provides an important active site for HNC, as the negative electrostatic
charge of nitrogen could activate the adjacent positively charged
carbon atoms, thus facilitating the proper adsorption of *OOH
intermediate [38].

The defect distribution of HNC and HC was studied using Raman
spectroscopy. The In/I of two samples indicated defective structures
(Figure S3). The value of HC was smaller than HNC, indicating that
nitrogen doping increased the degree of disorder, which was consistent

(a) 1 (b)llll

with the XPS. In addition, the Zeta potential values of HNC and HC were
both negative, corresponding to —4.3 mV and —14.0 mV, respectively
(Figure S4). This indicates that the surface of both was negatively
charged, which was conducive to the adsorption of H" in the solution,
and accelerated the combination with reactive oxygen specie to form
H202 [39-41]. The Zeta potential of HC was more negative, which
maybe due to the more electronegative O element on its surface.
The result agrees well with that of XPS results [42].

The Cyclic voltammetry (CV) curve of HNC had an evident
reduction peak when the electrolyte was saturated with Oz, the
reduction peak disappeared when N2 was saturated, indicating
that HNC responded to oxygen reduction. Other samples also had the
same oxygen reduction responses (Figure S5). The electrocatalytic
performance for 2e” ORR was tested by using a standard rotating ring
disk electrode (RRDE) in 0.1 M KOH. Before test, experiments using
a ferrocyanide/ ferricyanide redox reaction system determined the
collection efficiency of RRDE to be about 0.36 (Figure S6). The linear
sweep voltammetry (LSV) curves of different samples collected at 1600
rpm were presented in Figure 3(a). HNC and HC exhibited similar curve
shapes and current densities, suggesting that both have similar ORR
activity. The HNC delivered a high H20z selectivity over 92% in a
wide potential range (0 V to 0.5 V vs. RHE) with a maximum value
of up to 97% (0.3 V vs. RHE), higher than that of HC (Figure 3(b)).
Similarly, the electron transfer number (n) for HNC was calculated,
with an average of 2.1 (0 V to 0.5 V vs. RHE), meaning that this
was an almost complete 2¢” ORR process (Figure 3(c)). The double-
layer capacitance (Ca) of HNC and HC was calculated to be 0.256
mF-cm™ and 0.214 mF-cm 2, respectively (Figure S7). Moreover, two
samples showed similar Tafel slopes (Figure S8). These results are
attributed to C-OH groups and pyridinic N on the biomass carbon
which leads to proper adsorption of *OOH intermediate [43-45].
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Figure 3. Electrocatalytic 2¢” ORR activity and H,O, production performance in flow cell. (a) LSV curves of RRDE measurement at a scan rate of 5 mV-s' and
1600 rpm in O, saturated 0.1 M KOH, (b) The calculated H,O, selectivity, (¢) n, (d) LSV curves of flow cell test in 1 M KOH (The dashed lines were tested

under Ar conditions), (¢) H,O, production rate, and (f) FE.
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Figure 4. Pollutant degradation experiment. (a) Schematic illustration of UV/H,0, coupled degradation systems. The UV-vis spectra of (b) TC, (c) RhB
and (d) MB solution before and after degradation (The inset shows the photos of the TC, RhB and MB solution before and after degradation).

As known, the H202 yield was limited by the low solubility of Oz
in aqueous condition and mass transport. Hence, the three-phase
flow cell reactor was further assembled to improve the H20> yield.
A schematic diagram of the device and its optical photograph were
shown in Figure S9. The LSV curves of HNC and HC recorded in flow
cell containing the Air-saturated electrolyte exhibited a significant
increase in the current density compared with that achieved in the
Ar-feeding electrolyte, implying the occurrence of 2e” ORR catalyzed
by HNC/HC (Figure 3(d)).

The chronoamperometry tests were conducted and the H202
product was quantitatively determined by the ultraviolet-visible
(UV-vis) spectroscopy (Figure S10). The HNC exhibited a gradual
increase of the H20z2 production rate with the negative shift of working
potential and achieves the maximal value of 1083 mg-L™! -h'at 0 V
vs. RHE (Figure 3(e)). As shown in Figure 3(f), the H2O2 FE of the
HNC is over 80% (0 V to 0.4 V vs. RHE) and the highest FE is 98%
(0.3 Vvs. RHE). It is worth mentioning that the H2O2 production rate
and FE of HNC were higher than HC, indicating a higher activity
and selectivity in 2e” ORR. This is in agreement with the result of
the RRDE test.

The FE maintained above 80% and the activity as manifested
by the current density showed little decay after 12 h continuous
chronoamperometric measurement at 0.1 V (Figure S11). Furthermore,
the potential of generated H202 on site to degrade organic pollutants
was demonstrated (Figure 4(a)). Keeping the working electrode at
a constant potential of 0 V vs. RHE and the illumination of the UV
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lamp [46-48], TC solution completely degraded to colorless after 9 h
(Figure 4(b)), RhB solution completely degraded to colorless after
4 h (Figure 4(c)), and MB solution completely degraded to colorless
after 6 h (Figure 4(d)).

4. Conclusions

The HNC displays high H2O2 selectivity (nearly 97% at 0.3 V vs.
RHE) and FE. The hydroxyl combined with nitrogen on biomass
carbon is conducive to the proper adsorption of *OOH intermediate
and improves the selectivity of electrocatalytic H2O2. Besides, the
generated H202 degrade TC, RhB and MB in flow cell on site. This
work demonstrates the potential of biomass carbon in the production
of H20: through 2e— ORR for organic pollutants.
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