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EleQical reduction of O, via two-electron reaction pathway to H,O, provides possibility for

rep lagi current anthraquinone process, enabling sustainable and decentralized H,0O, production.
Hefg, a nitrogen-rich few-layered graphene (N-FLG) with tunable nitrogen configuration was

r electrochemical H,O, generation. A positive correlation between the content of pyrrolic-
WOZ selectivity was experimentally observed. The critical role of pyrrolic-N was elucidated
by the variable intermediate adsorption profiles as well as the dependent negative shifts of the pyrrolic-
N x-ray adsorption near edge structure spectra. By virtue of the optimized N doping
configuratigh and the unique porous structure, the as-fabricated N-FLG electrocatalyst exhibited a high
selectivity tgwards electrochemical H,O, synthesis as well as superior long-term stability. To achieve
C products on both anode and cathode electrodes with optimized energy efficiency, a practical
coupling electrochemical H,O, generation and furfural oxidation was assembled,
ly enabling a high yield rate of H,0, at cathode (9.66 mol h™ g, ') and 2-furoic acid at
mol m~ h™") under a small cell voltage of 1.8 V.
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1. Introduction

Hydrogen peroxidg (H,0,) is one of the most important industrial chemicals as a potential energy

carrier an nvironmentally friendly oxidant for various sanitization applications and
environme tion.t Nowadays, the large-scale manufacturing of H,0, is dominated by
H I

the multi—iﬁ anthraquinone process, which is energy-intensive, waste-producing and difficult for

on-site H2®ction.[4sl Development of low-cost and decentralized H,0, production is thus
highly desire reduce the cost for H,0, synthesis, storage and transportation. Recently, the

oxygen ele istry strategy is developed as an attractive and alternative approach for on-site
and on-demand , production, in that oxygen undergoes a two-electron pathway reduction.”*!
Moreover, trochemical H,0, generation can be coupled with many other reactions, for
example bi onversion reactions, enabling the production of high-value products on both
anode and@of the practical device within small energy input.

For nthesis from two-electron oxygen reduction reaction (ORR), it requires an active and
low-co ocatalyst which can selectively reduce O, to H,0, instead of H,0. It has been reported

that ORR on some noble metals and their alloys such as pt, 2 Ay, pg, 14 Pd—Hg,“S] and Au-Pd!®

follows a thon pathway with small overpotential as well as high H,0, selectivity. However,

the large-s @ ications of noble metals are far more constrained by their scarcity. Carbon-based
materials efore particularly promising due to their abundance, low cost and high
electro bility under reaction conditions.®”! More importantly, the tunable surface and

t

structure properties make it possible to modify the electrochemical performance of the carbon-

U

based electrocatalysts.””** Among various modification methods, nitrogen doping is of particular
interest to i efficient active sites with favourable electrochemical properties.”®? However,

the majorit se previous works have shown that N-doped carbon based electrocatalysts are

A

prone to accelerate the four-electron ORR pathway under alkaline conditions.”* 2! There is still
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limited understanding in identifying and tailoring the active nitrogen configuration for two-electron

ORR pathway.

{

The tw pathway involves only one intermediate, namely OOH*, while further reduction
of OOH* r er two intermediates (O* and OH*), leading to a four-electron pathway.?**!
H I

Probing th€ adsorbed intermediates on the surface of electrocatalysts during the electrochemical
process codfd pr e meaningful information in terms of the active sites and reaction pathways.m]
Generally, mixed.two-electron and four-electron pathways usually occur due to the lack of optimal

electronic tug€ for either of them.”?” To suppress the four-electron pathway, the key knob relies

on preventing theYpond-breaking reaction of OOH* + e - O* + OH", and thus effectively preserving

Ul

the OOH* i iate.”* 28 For example, Au surfaces with relatively weak oxygen binding energy

I

could effic prevent the breakage of the O—OH* bond, resulting in a highly selective two-

electron path r H,0, production.lzg] Hence, it is highly desirable to develop a catalyst platform

d

with fi in electronic structure for regulating the intermediate binding energy and ORR

pathway, as improving the catalytic activities.

NA

Herein, we elaborately designed a scalable g-C;N,-templated strategy to synthesize N-rich few-

I

layered gr N-FLG) with tunable nitrogen doping and dependent activities towards H,0,

electrosyn sing melamine and glycine as nitrogen sources for different nitrogen

configurati nitrogen doping state on as-fabricated N-FLG could be effectively tuned by

N

varying io of the precursors. We experimentally observed a positive correlation between

{

the contert of the pyrrolic-N and the H,0, selectivity. The critical role of the pyrrolic-N on two-

electron ORR pathiway was further elucidated by x-ray adsorption near edge structure (XANES)

Ul

spectrosco iting from the optimized N configuration and the porous structure, the as-

fabricated (mass ratio of melamine:glycine is 8) electrocatalyst exhibited excellent two-

A

electron ORR performance in alkaline medium with high selectivity over 95% towards

electrochemical H,0, synthesis as well as superior long-term stability. When coupled with biomass
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conversion reaction (furfural oxidation), a practical device was assembled with the generation of

high-value products (H,0, on cathode and 2-furoic acid on anode) at high yield rates under a small

t

cell voltage.

2. Results an Iscussion
|

2.1. Mater sis and Characterization

C

As illustrate igure 1a, we synthesized the N-FLG-X by grinding a mixture of melamine and

S

glycine wi ratio of X:1, followed by a two-step polymerization and carbonization under Ar

atmosphere. DU the pyrolysis process, the melamine would transfer to melam, melem and finally

U

to g-C3N,, resulting in nitrogen configurations in forms of pyridinic- and graphitic-N.Bo] Meanwhile,
the dehydr, cess of glycine would occur on the in-situ formed g-C3N,, resulting in a significant

amount of d,®" which is expected to contribute to the formation of pyrrolic-N. Therefore,

dll

the nitrogen configuration on the final product would be adjusted by varying the mass ratio of

melamine an ine. It is noteworthy to mention that the in-situ formed g-C3;N,4, which exhibits

Vi

layered r structure (Figure S1), could serve as a template for the final products. When the

melamine was absent or in relatively low mass ratios, the glycine was prone to agglomerate into bulk

[

lumps with ecific surface areas (Figure S2a-c). When a higher mass ratio of melamine was

O

applied, a ined porous graphene-like material with plenty of wrinkles could be obtained

(Figure S2dlJ. For a fair comparison with similar nanostructure, here we adopted mass ratios of 8:1,

£

12:1, and 36:1, an@ the as-fabricated materials were denoted as N-FLG-8, N-FLG-12, and N-FLG-16,

t

respective: 1b-d present scanning electron microscope (SEM) image and the bright-field

transmissi ron microscope (TEM) images of N-FLG-8 as a typical sample. With the help of the

g-C3N, p, the precursors transform into ultrathin graphene layers with a crumpled and
wrinkle-rich morphology (Figure 1b and c). The graphene layers are abundant of in-plane holes with

size less than 10 nm, and exhibit thickness of about six layers (Figure 1d). It is notable that the

interplanar spacing is ~0.44 nm, which is much larger than the theoretical thickness of monolayer
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graphene (0.335 nm).®? This can be further verified by the x-ray diffraction (XRD) pattern. As shown
in Figure S3, all the N-FLG samples exhibit a broad peak located at ~25.6°, which is lower than the

(002) peak™26.6°) of the standard graphite (JCPDS No. 26-1079). The enlarged interlayer distance

[33, 34]

pl

can be att e N-rich feature of the graphene layers, which is expected to facilitate

the mase feansrer during the fast electrochemical reactions. The energy dispersive spectroscopy

1

(EDS) element ping of N-FLG-8 (Figure S4) suggests the homogeneous incorporation of N in the

G

graphene ets. N-FLG-12 and N-FLG-16 are also demonstrated to possess the similar 2D

wrinkle-ricl na@inostructure (Figure S5 and S6). The structural porosity was further investigated by

d

nitrogen a -desorption experiments (Figure S7-S9). A high specific surface area of 358.8 m”

U

g ' is achi N-FLG-8, which is comparable to those of N-FLG-12 (372.5 m* g™*) and N-FLG-16

(397.0 m? &%). Besides, the pore width of all the obtained graphene materials is mainly distributed

[})

within 2~1 ich is consistent with the TEM observations and further confirms their porous

d

feature. The*Ra spectra reveal similar intensity ratio of D and G bands (/p/lg) for N-FLG-8, N-FLG-

12 and N- indicating their comparable defective contents (Figure S10). Moreover, the similar

W

double jtances of the three samples reveal their analogous roughness of the electrode

surface with small differences in electrochemically active surface area (Figure S11).

[

The ch roperties of the N-FLG samples were then investigated in detail by x-ray
photoelectr ctroscopy (XPS) and XANES spectroscopy. As shown in Figure S12 and Table S1,

the XPS suyey spectra reveal a high content of nitrogen in all samples (19.2 at.% for N-FLG-8, 18.1

4

at.% fo and 16.5 at.% for N-FLG-16), demonstrating their N-rich feature. The high

{

nitrogen doping tent is expected to effectively alter the electronic structure and facilitate the O,

U

adsorption.”™ As_displayed in Figure 2a, the N 1s XPS spectra can be deconvoluted into four peaks,

which ned to pyridinic-N (398.4 eV), pyrrolic-N (399.6 eV), graphitic-N (401.1 eV) and

A

oxidized-N (402.7 eV).?”3%3) |t is obvious that the percentage of pyrrolic-N significantly decreases

from 24.9% for N-FLG-8 to 8.1% for N-FLG-16, while those of pyridinic-N and graphitic-N increase
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from 30.6% to 40.1% and 34.8% to 43.0%, respectively (Table S2). Besides, from N-FLG-8 to N-FLG-
16, the gradually decreased content of C—N bond and the increased content of C=N bond displayed
in the hmon C 1s XPS spectra also reveal the same trend for the nitrogen configuration
variation ( able S3). It is further verified by the normalized N 1s K edge XANES spectra. As
revealegi!m 2b, a distinct decrease of pyrrolic-N from N-FLG-8 to N-FLG-16 is obviously
observed, which,is consistent with the XPS results. More specifically, from N-FLG-8 to N-FLG-16, the
atomic co pyrrolic-N significantly decreases from 4.8 at.% to 1.3 at.%, while those of
pyridinic-%hitic-N slightly increase from 5.8 at.% to 6.6 at.%, and from 6.6 at.% to 7.1 at.%,
respectivel 2c, Table S2). Therefore, by virtue of the in-situ formed g-C;N, as a template, we
obtained cal few-layered nitrogen-rich graphene materials with abundant in-plane pores,
which aregelieved to enhance the mass transfer during the electrochemical reaction.™ 2 In

addition, dme different polymerization processes, the nitrogen configuration was selectively
i

tuned by va e mass ratio of the nitrogen precursors. Compared with the conventional tuning

method by lling the annealing temperature,® our method provides a more controllable and
effectiv for selectively modifying the nitrogen configuration on carbon materials with

similar nanostructures. It is expected to serve as a decent material platform for studying the

2.2. Electro c ORR Performances

The OR£ces were evaluated in 0.10 M KOH using rotation ring disk electrode (RRDE), with

the collectfon efficiency being pre-calibrated by the redox reaction of [Fe(CNe)la/[Fe(CNg)ls™.B*

structureacim!: relation of N-doped carbon electrocatalyst at atomic level.

Figure 3a shows linear sweep voltammetry (LSV) curves collected at 1600 rpm in O,-saturated
electrolyte er with the H,0, detection current collected by the Pt ring electrode at a constant
potential of 1% . reversible hydrogen electrode (RHE). The background current that arises from
double layer capacitance was subtracted by recording the sweep profile at the same scan rate in N,-

saturated electrolyte. In the order from N-FLG-16, N-FLG-12, to N-FLG-8, increased ring currents,
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decreased disk currents, and negatively shifted onset potentials are obtained, suggesting a gradually

tuned reaction pathway with a higher fraction of two-electron ORR. The calculated H,0, selectivity

and eIectr* sfer number (n) are plotted in Figure 3b as a function of applied potential. N-FLG-8
delivers th » selectivity of over 95% and the lowest electron transfer number below 2.1

in a wide pg!en!m' range from 0.30 V to 0.70 V vs. RHE. Such a high selectivity and activity towards

electrochemical H,0, generation is superior to most of the previously reported results (Figure S14,

Table 54). ctivity of ~80% and ~65% are observed on N-FLG-12 and N-FLG-16, respectively,
suggesting%e nitrogen configuration could effectively tune the O,-to-H,0, selectivity.
Accordingl -FLG-8 to N-FLG-16, the electron transfer number is tuned from 2.01 to 2.81.
Besides th performance in alkaline solution, N-FLG-8 also exhibits decent H,0, generation

performang with a high selectivity of ~¥80% in a neutral solution (Figure S15). The electrochemical

stability of was then evaluated using both RRDE test and bulk electrolysis. As shown in
Figure 3c, t selectivity could be maintained over 95% during 8 h continuous electrolysis at a
fixed disk pE’ | of 0.40 V vs. RHE. Nearly identical LSV curves were obtained before and after the
stabilit i 3d), with 98.5% of the H,0, selectivity and 98.2% of the disk current being

maintained (Figure 3e). When coated onto a gas diffusion layer (GDL) electrode and tested in a H-

type cell, l\”!ﬂg can deliver a steady-state current density as high as =20 mA cm™ over 50 h (Figure

516), demg its excellent electrochemical stability and promising potential for practical

2.3. Th@igin of H,0, Generation

In spite of the similar nanostructure and specific surface area, obvious differences of ORR activity

and selectivity are achieved on different N-FLG samples, which should be ascribed to the tuned
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nitrogen configurations. Although oxygen doping has also been reported to facilitate the two-

140411 \we claim that the nitrogen doping instead of oxygen doping plays the

electron ORR process,
determinii r in our case because of the much lower atomic contents (Table S1) and similar
configurati n dopants among all the three samples (Figure S17). It is notable that

nitroger!d!iea carbon materials have been widely reported as superior four-electron ORR

21 while they can also serve as highly selective two-electron ORR

electrocatalysts, 2=
eIectrocataUz' ! The exact correlation between the N doping configuration and the ORR

pathway nsBcontroversial, which limits the rational material design and performance
optimizati n, we performed XANES spectroscopic characterization to probe the reaction
intermedia Identify the real active sites for electrochemical H,0, generation on N-FLG. Figure

4a-c presefit the evolution of the carbon K edge XANES spectra of N-FLG-8, N-FLG-12 and N-FLG-16

before and R process. On the basis of previous reports,**® the peak located at ~287.5 eV is

related to 9% v in the pristine sample before reaction, and the intensity increment after
reaction ca igned to the adsorption of intermediate species (O*) on carbon atoms (Figure 4a-
c).l! peak located at ~289.3 eV is attributed to the adsorption of OOH*

intermediates.”™ *! Generally, the OOH* intermediate evolves in both two-electron and four-

Figure 4a-
O* peaE, demonstrating its excellent selectivity towards two-electron ORR. Conversely,
the signi Iiin mcii:ment of C—O* peak and the hardly any expansion of C-OOH* peak after ORR

indicate a ﬁction of four-electron pathway process on N-FLG-16. This phenomenon can also
d

exhibits the strongest intensity of C-OOH* peak and the lowest increment of C—

electron pa!Hwais, while the O* intermediates only emerges in four-electron pathways. As shown in

be verifie xygen K edge XANES spectra, in which a distinct C—-O* peak for N-FLG-16 while
only a li rement for N-FLG-8 compared with the pristine spectra are observed after ORR
(Figure 518)." ogen K edge XANES spectra were further recorded to unravel the critical role of

specific nitrogen configurations. As depicted in Figure 4d, we observed negative shifts of the

pyrrolic-N peak after ORR, while the peak positions of the pyridinic-N and graphitic-N remained

This article is protected by copyright. All rights reserved. 8
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nearly unchanged for all the three samples. The negative shift can be ascribed to the distortion of

heterocycles caused by the absorption of intermediates on the carbon atoms near the pyrrolic-N.*!

Remarkably, the negative shifts in nitrogen K edge spectra descend in the order: N-FLG-8 (0.20 eV) >

Dt

N-FLG-12 -FLG-16 (0.14 eV), in well consistence with the intensities of the C-OOH*

peaks if catbon edges. Thus, it is rational to conclude that the adsorption of OOH* intermediates

§

on the carbgn atoms near the pyrrolic-N induces the distortion of heterocycles and results in the

C

negative s e pyrrolic-N peak. Furthermore, when correlating the atomic content of specific

nitrogen cahfiglirations with H,0, selectivity, a positive relationship between the pyrrolic-N content

S

and the H, ivity is obtained (Figure 4e), whereas no such positive correlation can be found

U

for either -N or graphitic-N (Figure S19).

1

It sugge he much larger number of pyrrolic-N dopants in N-FLG-8 may alter the electronic

structure tow optimized adsorption of OOH* intermediate and thus lead to the superior

d

selectiv lectron pathway. To further understand the promoting effect of pyrrolic-N on

selective H,0 ration, we then measured LSV in a H,0,-containing (50 mmol L") electrolyte. As

Wi

shown in Figure S20, the H,0, reduction current decreases obviously on N-FLG-8 compared to N-

FLG-12 an@l N-FLG-16, indicating an effectively hindered reduction of H,0, to H,O due to the

[

presence pyrrolic-N dopants. It has been reported that nitrogen atoms with a higher

O

electronega ould activate m-conjugated system and impart positive charge on the adjacent

carbon atofns, thus facilitating the adsorption of OOH* intermediates.”*” However, the delocalized

4

lone pa rom the pyridinic-N could aggressively induce charge transfer from the m orbital

{

to the antibon orbitals in O,, resulting in significantly weakened O-O bond and further

U

dissociation of * intermediate into O* and OH*.”% % *! The graphitic-N is reported to be

positiv d and the carbon atoms surrounding graphitic-N may act as Lewis acids,"®” which

A

are not favourable for the adsorption of intermediates. Therefore, we propose that the OOH*

intermediates could be substantially preserved with the presence of a high amount of pyrrolic-N,

This article is protected by copyright. All rights reserved. 9
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leading to a two-electron ORR pathway on the adjacent carbon atoms. Four-electron pathway is

supposed to preferentially occur on the carbon atoms adjacent to the pyridinic-N rather than

t

pyrrolic-N dopants (Figure 4f).

2.4. Practi monstration
H I
To investi potential of the catalyst for practical application, we combined the

electrochefaical , generation with biomass conversion for the purpose of producing valuable

C

products cathode and anode. Furfural (FU), which is generally mass-produced by the

S

[53, 54]

dehydration of agricultural by-products, was here chosen as a substrate for electrochemical

oxidation. uct of furfural oxidation, 2-furoic acid (FA), is widely used for preservative in

Lk

industry, d@ting as bactericide and fungicide.”® ¥ The combination of H,0, generation and FU

N

oxidation was r ed in a conventional flow cell with a two-electrode configuration (Figure 5a and

a

Figure S21 electrode (1.8 x 1.8 cm?) casted with N-FLG-8 electrocatalyst was used as the

cathod rode and a nickel foam was used as the anode electrode. The accumulated H,0, yield

M

on the was quantified by Ce*/Ce® colorimetric method (the standard curve is shown in

Figure S22), while the FA produced on the anode was determined by high performance liquid

[

chromatog PLC). Figure 5b shows the polarization curves of the assembled flow cell with and

without th e of FU. Significantly increased current density and decreased cell voltage can be

realized wh cing conventional oxygen evolution reaction (OER) by FU oxidation on the anode.

n

Only a Itage of 1.28 V, in contrast to 1.98 V in the absence of FU, is required to drive a

1

high curre ensity of 50 mA cm, indicating the remarkable thermodynamic advantage of FU

U

oxidation relative #b water oxidation. Under the optimized mass transfer in flow cell setup, the cell

current ca as high as 350 mA (~110 mA cm™) at the cell voltage of 1.8 V (Figure 5b).

Bulk electrolysiS was then performed at different cell voltages of 0.9, 1.2, 1.5 and 1.8 V. As shown
in Figure 5c, H,0,yield rate of 9.66 mol h™ g * (2.31 mmol h™ cm™) can be achieved at the cell
voltage of 1.8 V, which outperforms most of the reported bulk H,0, production in flow cell system

This article is protected by copyright. All rights reserved. 10
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(Table S5). It is noteworthy to mention that high faradaic efficiencies of near 100% are realized at all
the applied cell voltages, further demonstrating the exclusive selectivity for two-electron ORR
pathwaMS. This novel electrochemical device can be steadily operated for a long term with
a stable c roduct yield rate (Figure 5d, Figure S23). Simultaneously, the continuous
consum%tim and production of FA on the anode were also confirmed by the HPLC results
(Figure S24), A high FU conversion rate of ~70% in 60 min with an average FA yield rate of 2.076 mol

m2h*wa ieg€d at the cell voltage of 1.8 V (Figure 5d).

5

3. Concl n

In summary, porolls N-rich few-layered graphene with controllable morphology, nanostructure and

L]

compositio, een fabricated by a facile g-C;N,-templated method. By changing the mass ratio

Il

of the pre aterials, the content of pyrrolic-N was selectively tuned. We revealed that the

H,0, selecfivit d be effectively facilitated with the presence of the high amount of pyrrolic-N.

d

The criti he pyrrolic-N was elucidated by the variable adsorption profiles of OOH* and O*

intermediat K edge XANES spectra as well as the dependent negative shifts of the pyrrolic-N

M

peak on N K edge XANES spectra. N-FLG-8 with the highest pyrrolic-N content and abundant in-plane

pores was @emonstrated to have superior activity towards electrochemical H,0, synthesis, enabling

[

high select 95% and excellent long-term stability. By virtue of the high activity of N-FLG-8, a

&

practical de oupling electrochemical H,0, generation with furfural oxidation was assembled,

enabling siRaultaneous production of value-added products of H,0, on cathode with a high yield rate

h

L

of 9.66 ' (2.31 mmol h™ cm™) and FA on anode with a yield rate of 2.076 mol m™ h™

under a small celldvoltage of 1.8 V. The selective nitrogen configuration tuning method and the

Ul

identification e favourable effect of pyrrolic-N to two-electron ORR pathway in this work

provide deas for the design of advanced carbon-based electrocatalysts for various

A

electrochemical and catalytic applications.

4. Experimental Section

This article is protected by copyright. All rights reserved. 11
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Synthesis of N-FLG: In a typical procedure, melamine and glycine with various mass ratios (for
example 8:1 for N-FLG-8) was first thoroughly grinded in an agate mortar. The mixed powders were
put intom boat and then transferred to a tube furnace. The mixture was first heated to 550
°Cin Ar a t a ramp rate of 2 °C min™". After keeping at 550 °C for 2 h, the annealing
temperaﬂuﬂgwasen elevated to 800 °C with a ramp rate of 3 °C min™*and kept at 800 °C for
another 2 hAfter cooling down naturally to room temperature, the resultant black product was

grounded i der using an agate mortar and directly used for the preparation of catalyst ink.

/maginmctmscopic characterization: Field-emission scanning electron microscope (SEM)

images were colle@ted on a FEl QUANTA 450 electron microscope. The TEM images, HAADF-STEM
images an pping were collected on a FEI Titan Themis 80-200 operating at 200 kV. XRD
patterns w ined using a Rigaku MiniFlex 600 X-Ray Diffractometer with Co Ka radiation. XPS
data were m under ultrahigh vacuum (< 10 Torr) using a monochromatic Al Ko X-ray source.
ollected on a HORIBA LabRAM HR Evolution spectroscopy using the excitation

wavelength o nm. The absorbance data of spectrophotometer were collected on SHIMADZU

UV-2600 ultraviolet-visible (UV-Vis) spectrophotometer. Furfural and its oxidation product (2-furoic

acid) were!uantitatively determined by HPLC (Waters Alliance e2695 Separations Module).

Electro measurements: Electrochemical data were collected with a CHI 760e
eIectrorrkstation (CHI Instruments, Inc.). Three-electrode system was used in the
electro asurement in which an Ag/AgCl electrode was used as the reference electrode, a

graphite rdd as a counter electrode, and a RRDE (disk area: 0.247 cm?®) with a Pt ring (ring area:

0.1866 cm’) as working electrode. All potentials measured against Ag/AgCl electrode were
converted E. To prepare the catalyst ink, 5.0 mg of the obtained catalyst powders and 0.5
mg of carbo were dispersed in 960 pL of the mixture of isopropanol and water (v/v=1:1) and

40 pL of 5 wt.% Nafion solution. After ultrasonic treatment for 3 h, 5.0 pL of the catalyst ink was

drop-casted on to the disk electrode for the RRDE measurement.

This article is protected by copyright. All rights reserved. 12
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The oxygen reduction activity was measured by cyclic voltammetry (CV) and LSV techniques in O,
saturated electrolyte at a scan rate of 5.0 mV s™. Prior to the measurement, the Pt ring was first

electrochemi cleaned by sweeping the potential between 0~0.8 V until steady CV curve was

pl

obtained. te was first purged with N, and a LSV curve was recorded in N,-saturated 0.10
M KOH ‘Bt theTota ing speed of 1600 rpm. Then, the electrolyte was purged with O, at least 30 min,
and the LSV curye of ORR was collected in O,-saturated 0.10 M KOH at the rotating speed of 1600

rpm. The c it@ce or faradaic currents were then eliminated by subtracting the current measured

in N,-saturgtedyelg@trolyte from that in O,-saturated electrolyte. The ring currents were recorded by

SCI1

fixing the ntial at 1.2 V vs. RHE to detect the H,0, produced on disk electrode. The

U

collection (N) was determined to be 37.1% by the redox reaction of [Fe(CN)e]*/[Fe(CN)e]>".

Selectivity @f the catalysts toward H,0, production was calculated based on the following equation:

)

200 X Lying/N

H,0,% =
27z Haisk| + Iring/N

The electro sfer number at the disk electrode during ORR process was calculated as follows:

0= 4L gisk|
|Idisk| + Iring/N

r Ma

X-ray ab @ near-edge structure (XANES) measurement: The K-edge x-ray absorption spectra

of C, N and O were measured on the soft x-ray spectroscopy beamline at the Australian Synchrotron.

For the surements, the catalyst powder was supported on a porous copper foam under

h

[

~10 Ton - The copper foams with catalyst powder were first injected to an ultrahigh vacuum

chamber to collech the pristine spectra. For the XANES spectra after ORR process, the electrodes

L

were then re at a fixed potential of 0.6 V vs. RHE in an O, saturated 0.10 M KOH for 60 min.

After the cess, the copper foam with catalysts was quickly dried by blowing Ar and subjected

A

to the ultrahigh vacuum chamber for the data collection.

This article is protected by copyright. All rights reserved. 13
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Measurement of electrochemically active surface area: The electrochemically active surface area

was measured by double layer capacitance method. CV scans were conducted at the potential

window fr* —0.05 V to 0.05 V vs. Ag/AgCl reference electrode with scan rates of 5, 10, 15, 20, and
25 mV s he (J,—J.)/2 at 0 V against the scan rate, the slope value was calculated to be

the douEIeEyer capacitance (Cyg).

PracticalftievicBqassembly and measurement: As shown in Figure S21, a conventional flow cell was
constructed to simulate a practical device, which couples electrochemical H,0, generation with
furfural oxwm mL of 1.0 M KOH solution with 30 mmol L™ of furfural continuously flows
through the anodeé chamber which is separated from the cathode chamber by a Nafion 117

membraneﬁll store). A nickel foam (4 cm?) was used as the anode electrode for furfural

oxidation. yst was dispersed onto a GDL electrode (1.8 x 1.8 cm?) by a spray gun, resulting
in a loadin f 0.24 mg cm™. The cathode chamber was circulated with 40 mL of 1.0 M KOH
under f ~4 mL min~". High purity O, was continuously purged through the opposite side

of the catalys a flow rate of ~5 mL min™". LSV was performed at a scan rate of 10.0 mV s with
a cell voltage range from 0 to 2.0 V. The electrolysis was then carried out by employing different cell

voltages fc!various durations to evaluate the actual production of H,0,. All the LSV measurements

and bulk eIO’s for the flow cell are carried out without IR compensation.

Prortation: A Ce™ titration method was used to quantitatively analyse the produced
H,0, b ollowing equation:

: 2Ce*t + H,0, » 2Ce3t + 2HT + 0, 1
where the Ce™ tion displays yellow while the Ce** solution is colorless. The yield of H,0, was
then qu by measuring the mole amount of the consumed Ce*, which was determined by UV-
vis spectrophotometry. A typical calibration curve was plotted by linear fitting the absorbance values

at wavelength length of 320 nm for various known concentration of 0.01, 0.02, 0.05, 0.1, 0.2, 0.3,

This article is protected by copyright. All rights reserved. 14



WILEY-VCH

0.4, and 0.5 mmol L™* of Ce*" (Figure $22). The standard solution of Ce*" with the concentration of 0.5

mmol L™ was prepared by dissolving 16.65 mg of Ce(S0,), in 100 mL of 0.5 mol L™ H,50,. To quantify

t

D

the produced H,0,, sample solution was mixed with 0.5 mmol L™ Ce* solution by a volume ratio of
1:400 or standing for 2 hours, the mixture solution was then measured by UV-vis

spectrop% ometry. The vyield of H,0, was finally determined based on the reduced Ce*

concentratign. kor the anode product, the concentration of the produced 2-furoic acid was

ClI1

determine C equipped with an UV-vis detector. A mixture of ammonium acetate (70%) and

methanol (80%) was used as the mobile phase with a flow rate of 0.6 mL min~". The wavelength of

S

the detect t to 245 nm.

U

The faradai igiency (FE) for H,0, generation in flow cell was calculated as follows:

N

FE(%) = mole of generated H,0, X 2 X 96,485 « 100%
o total consumed charge (C) °

d

The FU ate was calculated as follows:

] mole of consumed FU
onversion ratepy (%) = mole of initial FU X 100%

M

The FA yielhre calculated as follows:
O Vield rat cCxV
ield ratep, =
FA ™ Axt
where E I ;;e concentration of the produced FA, V is the volume of the electrolyte in anode

chamber, ea of the anode electrode, and t is the electrolysis duration.

u

Supporting In tion is available from the Wiley Online Library or from the author.
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Figure 2. hion investigation of N-FLG. a) High-resolution N 1s XPS spectra with peaks

deconvoluyridinic-N, pyrrolic-N, graphitic-N and oxidized-N species. b) XANES spectra of N-

FLG-8, N-FLS d N-FLG-16. c) The atomic contents of pyridinic-N, graphitic-N and pyrrolic-N for
N-FLG-8, N -12"and N-FLG-16 derived from the XPS results.
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Figure 3. *R Eer'rmance of N-FLG in 0.10 M KOH. a) LSV curves of N-FLG-8, N-FLG-12 and N-FLG-
16 record 0 rpm and at a rate of 5.0 mV s, showing the ORR current density on the disk
(jaisk) @and the deteBted H,0O, currents on the ring electrode (/). b) The calculated H,0, selectivity

and electron tragsfier number (n) during the potential sweep. c) Stability measurement of N-FLG-8 at

ential of 0.40 V vs. RHE. The Pt ring was refreshed every 2 h by rapid scan at potential
range from 0 to'O%8 V vs. RHE to remove the accumulated PtO,, and the electrolyte was replaced to
eliminate the influence of the accumulated H,0, on the ring current during the continuous
operation. d) LSV curves of N-FLG-8 and e) the H,0, selectivity and diffusion-limiting disk current

density (j.) at 0.4 V vs. RHE before and after 8 h’s stability test.
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Figure n of the activity origin for H,0, generation. a-c) Carbon K edge and d) nitrogen K

edge XANE of N-FLG-8, N-FLG-12 and N-FLG-16 before and after ORR tests. In the insets of

©
=

ow presents the pristine peak before reaction and the orange shadow presents

(a-c), t
the peak increment after reaction. e) Relationship between H,0, selectivity and atomic content of

pyrrolic-N.@) Schematic diagram of two-electron and four-electron ORR pathways on N-FLG with

[

different nitr configurations.
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