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Experimental section

Chemical and materials. Aniline (>99.5%), nitric acid 70%, potassium hexacyanocobaltate(III),
perchloric acid 70%, Sulfuric acid (95%-98%, ACS agent), sodium phosphate dibasic (>99.0%),
sodium phosphate monobasic (>99.0%), potassium hydroxide (99.99% trace metal basis), Nafion"™
perfluorinated resin solution (product code: 527084-25ML), PTFE emulsion (60%), methyl orange
(MO), and potassium permanganate (>99.0%), were purchased from Sigma Aldrich. Toray carbon
paper 090 (product code: 590337) and Nafion"™ 117 membrane were purchased from Fuel Cell Store.
All (except the carbon paper) were used as received without further purification. Vertically aligned
graphene (VG) was prepared in Commonwealth Scientific and Industrial Research Organization
(CSIRO) following the previously reported procedures'-2. The graphene products are also purchasable
from the CSIRO official website (https://research.csiro.au/graphene/service/buy-graphene-products).

Electrode preparation. The preparation of CoN4/VG electrodes from pristine VG can be briefly
divided into three steps, polymerization, impregnation, and carbonization.

Prior to polymerization, the electrolyte was prepared according to the volume ratio of HNOsj: aniline:
water = 16mL: 12mL: 150 mL. The electrolyte was freshly prepared for use every single time (50 mL).
Then, a typical 3-electrode cell was established, consisting of VG substrate (~5*5 ¢cm?) as working
electrode, a graphite rod as a counter electrode, and a saturated calomel electrode (SCE) as a reference
electrode. Aniline was electrochemically polymerized on the surface of VG by a potentiostatic method
(0.7 Vvs SCE, 100s) in the 3-electrode cell, and polyaniline on VG (denoted as PANI/VG) was derived
as a result. After polymerization, the electrode was carefully washed with plentiful distilled water to
remove the existed unstable polymerized components on the electrode surface, followed by drying at
80 °C for 1h. In a typical successful synthesis, the electrode was initially black and became deep green
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when completely dried® *. It should be noted here that extending the polymerization time has been
considered in our work, but it induced nanofiber on top fully covering the VG network after the whole
synthesis, which was reportedly unappealing for the rapid transfer process in the application (Figure
S9)°. After that, the obtained optimized PANI/VG was inserted vertically into 0.149 g L' K3[Co(CN)s]
solution at 50 °C for 1 h under vigorous stirring (200 rpm) to introduce Co into the electrode. Then,
the Co-absorbed polyaniline on VG electrode (denoted as Co/PANI/VG) was washed by distilled water
again and dried at 50 °C this time before furnace carbonization. Carbonization process was performed
using a tube furnace at 700 °C under N, atmosphere with a ramp rate of 5 °C min™! and this temperature
was kept at 3h, followed by a room temperature acid wash procedure (0.5 M H2SO4 for 8 h) to afford
the resultant CoN4/VG, which was used for electrochemical evaluation in H-cell and the corresponding
physical characterization. As a comparative sample, CoN4/CP was fabricated following the same
procedure as described above, so as the metal-free sample, NC/VG but in the absence of impregnation
procedure. To note, the carbon paper before use should be heated to 700 °C to remove the impurity on
the surfaceb®. For the calculation of the active materials (Co-N-C) loaded in the resultant CoN4/VG
electrode, the weight change from pristine VG to the resultant was monitored accordingly with 1.9 mg
increase for 25 cm? electrode, a typical figure that is measured in our multiple of preparation® !°. For
a fair comparison, the same size of the pristine VG was also subjected to the 700 °C furnace treatment
directly whose weight change was found negligible.

For the as-synthesized electrode being compatible in flow cell test, further electrode hydrophobic
treatments are needed, following literature with minor modifications!!"!°. To be specific: the electrode
was exposed to 0.1% PTFE solution (diluted from 60% PTFE emulsion) for 10 mins, followed by a
heat treatment (350 °C) in the tube furnace for 30 min under an argon atmosphere. After that, a certain
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amount of Nafion"™ perfluorinated resin solution was sprayed onto the front side of electrode, resulting
in the final CoN4/VG based gas-diffusion electrode that was measured in the flow cell. CoN@CNTs
electrode utilizing Co and N co-doped carbon nanotubes as catalyst was selected as the control same
to confirm the facilitated mass transfer effect derived from the hierarchically porous structure of the
CoN4/VG electrode. It has a catalyst mass loading of 0.25 mg cm™ (cobalt loading : 20 pg cm2) and
the preparation follows the previous report!®.

Electrode characterization. Field emission scanning electron microscopy (FE-SEM) was performed
on FEI Nova Nano SEM 450 with high voltage of 5 kV for structural investigation or 15 kV in
conjunction with Bruker SDD-EDS detector for compositional visualisation. Transmission electron
microscopy (TEM) was carried out on a Phillips CM200 microscope at an accelerating voltage of
200kV. X-ray diffraction (XRD) patterns were collected from thin-film Empyrean X-ray
diffractometer using Cu Ka radiation with 45 kV and 20 mA applied. High-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray (EDX)
mapping were obtained on a spherical aberration corrected transmission electron microscope (JEOL
JEM-ARM200F) operating at 200kV. For electrode compositional and electrolyte analysis,
inductively coupled plasma mass spectrometry (ICP-MS) was performed on PerkinElmer quadrapole
Nexion instrument. Prior to ICP-MS measurement, the samples were extracted with aqua regia
deriving the digests for analysis. X-ray photoelectron spectroscopy (XPS) was also used to understand
the chemical compositions of as-prepared electrodes with ESCALAB250Xi X-ray photoelectron
spectrometer.

Co K-edge X-ray absorption near-edge spectroscopy (XANES) measurements and Extended X-ray

absorption fine structure (EXAFS) experiments were performed at the XAFCA beamline of Singapore

Supporting information page 4



Synchrotron Light Source (Singapore Synchrotron) with Co foil, CoO, and CoPc as the reference
samples. Data reduction and subsequent simulation efforts were performed using the Athena program
and the Artemis program, respectively. To perform the fitting analysis of CoN4/VG, the k-space
ranging from 3 A" to 7.5 A"! is collected and the R range is adopted within 1 A to 2.2 A. Firstly, the
amplitude reduction factor S¢? (0.74000) is confirmed by fitting the EXAFS signal of the cobalt foil.
As for the fitting of the Co edge data for CoN4/VG, a standard single-crystal cobalt phthalocyanine
(C32Hi16CoNg molecular) structure from crystallography (2100746, link:
http://www.crystallography.net/cod/2100746.html) was adopted as the atomic model. The parameters
of delE (edge-energy shift) and So? were fixed, while CN (coordination numbers), delR (the change of
the interatomic distance relative to the initial path length), and 6? (Debye-Waller factor), were allowed
to run freely.

Electrochemical measurements. All electrochemical measurements were performed in 0.1 M HCIO4
(except the feasibility demonstration in 0.1 M PBS and 0.1 M KOH) at 25 °C using a CHI750
electrochemical workstation without compensating any Ohmic resistance of the systems (H cells and
flow cells). The pH value of 0.1 M HCIO4, 0.1 M PBS, and 0.1 M KOH were measured as 0.99, 6.8,
and 13.1 respectively, by Metrohm pH meter 913.

To evaluate the performance of electrodes in H-cell (Gaoss Union), a standard three-electrode system
was established with a graphite rod (Sigma Aldrich) and a saturated calomel electrode (CHI 150, SCE)
respectively as the counter electrode and the reference electrode, in which SCE was calibrated
regularly during the period of data collection. All the measured potentials were then converted to RHE
(reversible hydrogen electrode) following the Nernst equation of Erug = Esce +0.2415 +0.059 x pH.
For background current (non-faradaic current) measurement, the electrolyte was firstly saturated with
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N2 gas, and then linear sweep voltammetry (LSV) was performed several times at a scan rate of 5 mV
s'! within the potential range of 0.3V to 0.8V vs RHE until a stable LSV response was established in
H-cell. To assess the electrocatalytic ORR performance, LSV was carried out again following the same
protocol but the electrolyte was saturated with O this time. H>O> selectivity of the as-synthesized
electrodes was evaluated by applying chronoamperometry technique at each working potential for 1 h
and was repeated for 3 times, with fixed amount of oxygen-saturated catholyte (40 mL) being refreshed
before each test. Chemical titration with KMnO4 was adopted to quantify the amount of H2O»,
following the previous reports!’-!?. Then, the H,O, selectivity (faradaic efficiency, FE) was calculated
based on the following equation: H202 (Fe, %) = 2CVF /Q Where Q represents the charge amount
(C) recorded by CHI 750 workstation, C is the produced H2O: concentration (mol L) derived from
titration, V is the volume of catholyte (L) and F is the value of faraday constant (96485 C mol ™). For
bulk electrosynthesis, the electrode (~2 cm?eo) was used directly, with oxygen continuously (15 mL
min!) bubbling the catholyte (40 mL) under vigorous stirring (800 rpm). After each synthesis, the
concentration of H»>O; in the electrolyte and the corresponding productivity were measured
accordingly. It should be noted that the productivity (normalized production rate to the mass (in H-cell
and flow cell) or to the geometric surface area (in flow cell only)) is an important metric used to reflect
the intrinsic catalytic performance of the catalyst materials for H>O: electro-synthesis, which also has
been widely adopted in previous report?® 2!, This metric is calculated based on the actual mass of
hydrogen peroxide (mg) accumulated over the long-term operation to per gram of catalyst materials.
The in-situ Raman spectra under ORR condition of CoN4/VG were performed on a Renishaw inVia 2
spectrometer with a laser of A=532nm, in conjunction with a custom-made Raman cell that allows
Raman signals to go through the electrolyte and be collected. To estimate the electrochemical surface
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area (ECSA), the CV at a scan rate of 10, 20, 50, 80 and 100 mV s! was recorded in the non-faradaic
region (0.7 V vs SCE to 0.9 V vs SCE) in the inert gas-saturated (N>) electrolyte to determine the
double layer capacitance (Cq)) that is proportional to ECSA. The 2e- ORR mechanism study was
performed by virtue of rotation disk electrode technique (RDE), following the previously report
strategy?> 2*. To prepare the electrode for RDE measurement, the CoN4/VG was punched into a regular
shape with the same size of the glassy carbon disk (S = 0.196 cm?) on RDE and then immobilized on
its surface. It should be noted that the catalytic ORR current densities obtained from CoN4/VG-loaded
RDE could exceed the theoretical limited value estimated by Levich equation (3 mA ¢cm™ in oxygen
saturated 0.1 M HCIO4 under a rotating speed of 1600 rpm for 2e- ORR)?*%. This is mainly ascribed
to the as-fabricated 3D porous architecture on CoN4/VG, which will inevitably promote a faster mass
transport of reactants than that of conventional thin-film RDE employing the powdery catalysts.
Therefore, the Levich equation may not be suitable to determine the theoretical limited ORR current
density on our electrodes. Given this fact, an alternative way, taking the current density value at 0.2
VraE as the diffusion-limited current density (Ji), was adopted for further calculation of kinetic current
densities (Jx) and the corresponding Tafel analysis®®2!. The number of electron transferred (n) during

ORR was calculated from the Koutecky—Levich (K-L) plots on the basis of the K-L equations

1
0.2nFACoDZPv=1/601/2’

accordingly, as followed: i~ = iz * + i; ' = i* + and Slope=

0.2nFACoDZ/3v=1/6
where F was the Faraday constant (96500 C mol™), A is the disk surface area (0.196 cm?), v is the
kinematic viscosity (0.01cm? s™), Cy is the concentration of oxygen in 0.1M HCIO4 (0.00126 mol L")
and w is the rotation speed of the electrode (rpm), while the Dy is the diffusion coefficient of O>
(0.000017 cm?s™).

The cell performance of CoN4 /VG was carried out in a commercially available Micro flow cell (MFC,
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Electrocell North America). This H2O: flow cell comprises a cathode and an anode with three chambers
(two liquid chambers and one feeding gas chamber). On the anode side, a dimensionally stable anode
(iridium/ruthenium-coated titanium mesh, 10 cm? 40) was served as the anode (oxygen evolution
reaction, OER) installed on the anode chamber, in close contact with Nafion™ 117 membrane to
minimise the ohmic resistance loss during operation (~3.2 Ohmic was recorded if around 1 cm distance
between anode and membrane). 0.1 M HCIO4 was circulated through the anode chamber during
operation (90 mL h!). As for the cathode part, modified CoN4/VG based gas-diffusion electrode (10
cm? o) worked as the cathode sandwiched between the liquid chamber and the gas chamber, with gas
(15 mL min') feeding on the macroporous side (backside of the electrode) from the gas chamber in a
flow by configuration to mitigate the limited dissolvability of O, (40 mg L' at latm, 25 °C), as well
as its low diffusion coefficient (2.1 x 107> ¢m? s! in water) in the liquid phase. In a similar flow by
manner, the fresh electrolytes were pumped into the liquid chamber (with a flow rate of 90 mL h!),
through the catalyst surface (frontside of the electrode) and finally carried out the resultant H,O» for
subsequent environmental treatments or analysis (electrolyte single-pass mode). To note, higher
concentration of H>O, can be harvested in our electrolyser (up to 2000 ppm at the voltage of 1.8V
within 1 hour) by simply switching to electrolyte circulating mode (30 mL). Furthermore, the system
Ohmic resistance in 0.1 M HCIO4 was measured via high-frequency AC impedance technique as ~1.6
Ohmic but no compensation was presented. The energy consumption (Wh g mo2'!) was calculated by
the following equation?’: Energy consumption = 1000UIt/CV Where U and 1 respectively
represent the applied cell voltage (V) and current (A), t is the electrolysis time (h), C is the
concentration of as-produced hydrogen peroxide (mg L), and V is the electrolyte volume (L). The
calculation of Turnover number (TON) is based on the equation: TON =
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number of H202 molecules produced/ the amountof moles of cobalt . The production of
H>O> was determined by titration, while the cobalt amount on the catalyst was determined through
ICP-MS. After that, turnover frequency (TOF) is calculated by the equation : TOF = TON/
time ofreaction(h).

Degradation of a typical refractory organic pollutant. For the Fenton process, H2O2 produced from
bulk electrosynthesis was used (1100 ppm) with the addition of 0.5 mM Fe?, together to degrade
methyl orange (50 mg L!). The electro-Fenton reaction was performed in a custom-made reactor (40
mL) using CoN4/VG (~2 c¢m? g,) as the working electrode, with the same Fenton reagent as the
electrolyte. This process was operated at 0.3 V vs RHE. The concentration evolution of methyl orange

during degradation was measured by UV-VIS (UV-3600 plus, Shimadzu).
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Figure S1. Electrochemical process of oxygen reduction electrode reaction (ORR) in acidic media?’.

This process generally composes a series of steps including mass transfer, electron transfer at the
electrode surface, chemical reactions coupled to electron transfer and surface reactions such as
adsorption or desorption. Electron transfer is usually kinetically unfavourable as energy is required for
the cleave of O-O bond, but reactant transfer step can count equally or more while increasing applied
potential to seek higher H>O: productivity in the application. Mass transfer of the resultant step does

not directly determine the reaction rate; however, a sluggish acidic peroxide removal rate from the
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electrode surface can cause local peroxide accumulation. Accumulated peroxide ends up either further
electrochemical reduction (H202to H2O) or giving rise to electrode failure caused by the strong oxidant
of locally concentrated acidic peroxide. Both would substantially reduce productivity, and hence a

well-round electrode design is needed based on the electrochemical process of ORR.
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Figure S2. Digital photo of a typical as-prepared vertical graphene ( ~25 cm?) that can be compatible
with most of the commercially available electrolysers.
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Figure S3. Current-time response signal record at applied potential of 0.7 V vs SCE with vertical

graphene as working electrode during 100s polymerization, showing a stable current response, an

indicative of the uniform deposition of polyaniline on the vertical graphene surface, which is further
confirmed by the SEM image in main text (Figure 1b).
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Figure S4. SEM images (a, b, and c) and TEM images (d, e, and f) of the as-prepared vertical graphene
(VG) substrate showing its multistage porous, vertical align nature, which could be beneficial for CoNy4
moieties enabling rapid electrode process.
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it is clear that the catalyst electrode consists of a hierarchical porous structure, including those

macroporous channels inherited from the carbon fibre paper (Figure S5a), the open-end pores created
by the vertical graphene nanoarrays (Figure S5b), and numerous mesopores on each CoNs-loaded VG
nanosheets (Figure S5c). Benefited from such a hierarchically porous structure, the as-obtained
CoN4/VG electrode can facilitate the exposure of more catalytically active sites, an enhanced mass

transport, and thereby an effectively accelerated ORR process for H,O» generation.
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Figure S6. SEM images of the as-synthesized electrode (CoN4/VG prior acid wash) without acid wash
at different magnifications (a, b, and c), showing some suspected nanoparticles encapsulated but the
well maintained microstructure.
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Figure S7. TEM images of the as-synthesized electrode without acid wash (CoN4/VG prior acid wash),
showing the presence of some nano particles.
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Figure S8. TEM EDS mapping of as-synthesized electrode without acid wash (CoN4/VG prior acid
wash) showing the dense cobalt signal from the presented nano particle.
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Figure S9. SEM images of PANI/VG electrode using a typical excessive polymerization time of 500s
(a), with enlarged images showing details (b and ¢), and the corresponding TEM image (d).
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Figure S10. XRD patterns of CoN4/VG electrode, polyaniline on VG (PANI/VG), and pristine VG
substrate (a); Enlarged XRD patterns of CoN4/VG electrode and pristine VG (b). The results here show
that no obvious characteristic peaks attributed to metallic species can be observed from the diffraction
pattern of CoN4/VG electrode.
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Figure S11. XPS C 1s spectrum of the resultant CoN4/VG electrode, showing carbon species including
C=C (C1), at ~284.9 eV and C-O (C2) at ~287.4 eV (a)*®*?%; N 1s spectrum, showing nitrogen species
including pyridinic nitrogen (N1) at ~398.4 eV, pyrrolic nitrogen (N2) at ~399.9 eV, graphitic
nitrogen(N3) at ~401eV, and N-oxide(N4) at ~404 eV (b)*°; and O 1s spectrum, showing the oxygen
species including ketonic oxygen (C=0, O1, ~531.2 eV), oxygen atoms in epoxy (C—O—C) or hydroxyl
groups and carbonyl oxygen in ester groups (02, ~532.3 eV), the epoxy oxygen in ester groups (O3,
~533.5 V), and oxygen atoms in carboxyl groups (04, ~534.2 V) (c)*!.
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Figure S12. XPS Co 2p spectrum of the resultant CoN4/VG electrode.
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Figure S13. LCF results for Co K-edge XANES normalized spectra of the CoN4/VG electrode from
the interaction of CoO and Co foil. The fitted range of Co K-edge XANES spectra of CoN4+/VG was
highlighted with a yellow square window.
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Figure S14. Poison experiment of CoN4/VG electrode before and after introducing KSCN solution
under the ORR condition in 0.1 M HCIO4 with a scan rate of 5 mV s!, which indicates the typical
catalytic active decrease of CoNjy after introducing KSCN.

In order to understand the nature of the active sites of CoN4/VG electrode, the influence of thiocyanate
ions (SCN") on the ORR activity was investigated. SCN™ is reported to be effective in poisoning the
metal-centered catalytic sites in acidic media, according to the previous reports®? 33, In our system,
after 10 mM SCN- was introduced into 0.1 M HCIO4 electrolyte, the CoN4/VG electrode shows
substantially decreased catalytic activity, indicating the main role of Co-N site on the as-synthesized

electrode as the catalytic active center.
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Figure S15. In-situ Raman spectra-with calculated Lorentz deconvolutions-of CoN4/VG under various
applied potentials. Oz-saturated 0.1 M HCIO4 was used as the electrolyte throughout the tests.

in-situ spectroscopic analysis was also carried out through Raman measurements under the ORR
conditions. As expected, Raman spectra of CoN4/VG (Figure S15) reveals three characteristic peaks
of a disordered carbon nanostructure due to heteroatom doping, which are the G band (~1580 cm™), D
band (~1350 cm™) and D’ band (~1620 cm™). Notably, previous reports suggest a significant change
on the full width at half peak maximum (FWHM) of D and D’ bands during reaction if the carbon
defects (e.g. sp? disorder reflected by D band) or surface oxygen functionalities (e.g. carbon oxidation
in sp? basal plane reflected by D’ peak) are the main active sites, which tend to interact with ORR
intermediates.?® 3 Nevertheless, in this study, no obvious changes (<2) can be observed on the FWHM
of D and D’ bands at both low and high overpotential ranges (Figure S15), in sharp contrast to those
defective carbon catalysts showing a huge variation (above 10).?° In this regard, the possible

Supporting information page 25



contribution from the carbon and/or oxygen defects on CoN4/VG electrode for the ORR process can
be further excluded, supporting the chemical poisoning experiments that the superior 2e- ORR activity
is mainly originated from the as-deposited CoNs species. Moreover, the nearly constant Ip/Ig value
(~0.74+0.02) on the CoN4/VG catalysts throughout the ORR process further confirms a stable property
of carbon skeleton during reaction, in conformity with other post-reaction characterizations (e.g. SEM,
TEM,XRD and XPS). Therefore, combined ex-situ and in-situ analysis indicates that CoN4/VG is

stable under the ORR conditions, and the CoN4 species are the main active moieties.
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Figure S16. I-T curve of pristine VG electrode (2cm?) in H-cell at 0.3 V vs RHE within 1800s, showing
negligible ORR performance as compared with that of CoN4/VG electrode.
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Figure S17. RDE voltammograms of CoN4/VG at different rotation speeds (a), K-L plots of CoN4+/VG
at the selected voltages (b), and their calculated electron transfer number (c), and Tafel plot of
CoN4/VG derived from the kinetic current densities (d).
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Figure S18. Charging and discharging currents measured in the non-Faradaic potential range (0.7 V vs
SCE to 0.9 V vs SCE) at scan rates of 10, 20, 50, 80, and 100 mV s ! with the CoN4/CP electrode (a)
and the CoN4/VG electrode (b) in 0.1 M HClO4 solution (the electrolyte was saturated with N> before
test).

The electrochemically active surface area (ECSA) can represent the area of an electrode that is
accessible to the electrolyte and could be used for the charge transfer.>> The ECSA is proportional to
the electrochemical double-layer capacitance, which can be measured by cyclic voltammetry (CV) in
a potential window where Faradaic process is considered to be negligible. Accordingly, the double-
layer capacitance (Cai) is then evaluated to estimate the electrochemical active surface area (ECSA) of
each electrode (Figure S18 and Figure S19).
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Figure S20. Linear sweep voltammetry (LSV) curve of CoN4/VG electrode with 5 mV s scan rate in

0.1 M PBS and 0.1 M KOH electrolytes (a); I-T curve of CoN4/VG electrode at 0.55 V vs RHE in H-
cell within 3600s (40 mL electrolyte, electrode size: 2cm?), with 92.7% of 2 ORR selectivity.
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Figure S21. SEM images of CoN4/VG electrode after 36 h production test in acidic media at different
magnification (a and b).
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Figure S22. XRD pattern of CoN4/VG electrode after 36 h cycling test in 0.1 M HCIO4 electrolyte.
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Figure S23. XPS O 1s spectra of CoN4/VG electrode after 36 h cycling test in 0.1 M HCIO4 electrolyte,
showing minor changes of the oxygen species that are beneficial for 2e ORR, as compared with that
before test. (ketonic oxygen (C=0, O1, ~531.2eV), oxygen atoms in epoxy (C—O—C) or hydroxyl
groups and carbonyl oxygen in ester groups (02, ~532.3eV), the epoxy oxygen in ester groups (O3,

~533.5eV), and oxygen atoms in carboxyl groups (04, ~534.2eV)).
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Figure S24. Schematic illustration of the conventional GDE setup (a), and the CoN4/VG gas-diffusion
electrode(b). The gas diffusion layer of the latter can be constructed by treating the carbon fibre paper
with PTFE (See detailed electrode treatments in this document).
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Figure S26. Linear sweep voltammetry (LSV) curves of the CoN4/VG electrode and the CON@CNTs
electrode in flow cell utilizing O> at a scan rate of 5 mV s’
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Figure S27. Nyquist plots of flow cell system obtained with CoN4/VG GDE (a) and CON@CNTs GDE
(b) during ORR conditions in 0.1 M HCIO4 at a frequency range of 10° —10"! Hz, the proposed
equivalent circuit to describe the electrochemical process (c), and the obtained results of charge
transfer (R¢) and the mass transfer (Rms) resistance by fitting.
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Figure S28. Digital photos of solution electrolytes containing the pollutant before (a) and after 1h
degradation (b); degradation of 50 mg L' MO over time monitored by UV-VIS in the presence of 5
mM Fe?* and 1100 ppm H,O0: (¢).
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Figure S29. Digital photos showing colour evolution of solution electrolytes during 30 min degradation
using CoN4/ VG as working electrode applying 0.3 V vs RHE in the presence of 5 mM Fe?" and 1100

ppm H>O: (a); concentration evolution of MO over time monitored by UV-VIS, with initial
concentration of 50 mg L' (b).
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Table S1. Metal compositions of CoN4/VG electrode and CoN4/VG electrode from ICP.

Samples Metal content (1Lg CMelectrode’)
CoN4/VG prior to acid wash 18.9
Resultant CoN4+/VG 4.2
Resultant CoN4/CP 1.01

Table S2. Fitting parameters for Co K-edge EXAFS spectrum of CoN4/VG electrode.

Absorption
Samples Path R(A) CN o’ (A?) R factor
edge

CoN«/VG Co K-edge Co- 1.98650(0.02429) 4.05(1.14) 0.002(0.00003) 0.01493

N

CN is the coordination number; R is interatomic distance between metal center and first neighbor atoms;
o’ is Debye-Waller factor which aims to compensate thermal and static disorder in the absorber-scatter
distance; R factor is used to evaluate the correctness of fitting.

Supporting information page 41



Table S3. Comparison of our electrode with the recent state-of-the-art counterparts for acidic H,O,

production via 2e- ORR reaction in H-cell.

H:O:; Faradaic efficiency

Presented
Samples Electrolyte ~ 03Vvs 04Vvs 0.5Vvs stability Reference
RHE RHE RHE duration
CoN«/VG 0.1 MHCIOs  97.7% 95.5% 92.3% 36h This work
CoN@CNT 0.1 M HCIO4 ~88% N/A ~90 % 12h 16
Co-N-C (1) 0.5 M H2SOq4 ~60% N/A ~40% 6h 20
Co-N-C (2) 0.1 M HCIO4 N/A ~80% ~84% 10h 36
CoS:z 0.05 M H2SO4 N/A N/A ~43% lh 37
NiS, 0.05M H2SO4  ~75% ~85% ~80% 6.67h 38
0-CoSe»/CFP 0.05 M H2SO4 N/A N/A ~70% 6h 39
PEISOCMK3 800T
0.5 M H2SOq4 ~45% N/A N/A 4h 40
(N-C (1))
NCMK3IL50 800T
0.5 M H2SOq4 72.5% N/A N/A 6h 4
(N-C(2))
g-N-CNHs (N-C (3)) 0.1 MHCIO4  ~100% N/A N/A 24h 42
Pt/Hg 0.1 M HCIlO4 N/A ~80% N/A N/A 43
HPC-H24 (N-C (4)) 0.5 M H2SO4 90.8% N/A N/A 2.5h 18
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Table S4. Comparison of productivity using our electrode and the recent state-of-the-art counterparts

for acidic H,O, production via 2e- ORR reaction in H-cell.

Samples Electrolyte Maximized productivity Reference

0.1M 706 mmol gcatalyst-1 h! (13576 mmol gCO-1 h

CoN«/VG This work
HC1O4 170.0537 mmol cm™ h™") at 0.3 Vrue
546 mmol geatatys h! (899 mmol gp! h!) at
0.1M
h-Pt;-CuSx« 0.05 V (cell voltage, hydrogen oxidation as a4
HCl1O4

anode reaction)
48.75 mmol geatays' h! at 0 V (cell voltage,

Pt/HSC 1 M HCIO4 =
hydrogen oxidation as anode reaction)

0.5 M 90.9 mmol gcatalyst-l h-1 (9090 mmol gCO-l h-l)

Co-N-C (1) 20
H2S0Oq4 at 0.1 Vrue
0.1 M 275 mmol geatalys' h! (19642 mmol geo! h!)
Co-N-C (2) 36
HCl1O4 at 0.4 Vrue
0.1 M 590 mmol gcatalyst-l h-1 (295000 mmol gCO-l h-
CoNOC 46
HCLO4 1,0.118 mmol cm? h'') at 0.1 Vrug
PEISOCMK3 800T 0.5M
98 mmol geatalyst' h™' at 0.1 Vrur 40
(N-C (1)) H2SO4
NCMKS3IL50 800T 0.5M
157 1’1’11’1’101 gcatalyst-l Il-1 at 0.1 VRHE 4
(N-C (2)) H2SO4
0.5M
HPC-H24 (N-C (4)) 294 mmol geatalyst' h™! at 0 Vrug 18
H>SO4
meso-BMP-800(N-C 0.1M
121.5 1’1’11’1’101 gcata]yst-l h-l at 0.1 VRHE 47
(%) HCLO4
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0-CoSe,/CFP

0.05 M 7.65 1’1’11’1’101 gcata]yst-l h-l (29.42 1’1’11’1’101 gC()-l h-l)

H>SOq4 at 0.5 Vrue

39
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Table S5. Comparison of Turnover frequency (TOF) and Turnover number (TON) of our catalyst

electrode and the recent state-of-the-art counterparts for acidic H,O, production via 2e- ORR reaction

in H-cell.
Samples TOF TON Reference
CoN«/VG 1045 h' (0.3 Vi) 6270 (6 h at 0.3 Vi) This work
h-Pt;-CuSx 457 h! (cell voltage of 0.05V) 457 (cell voltage of 0.05V, 1h) 44
Co-N-C (1) 863 h! (0.1 Vrur) 3456 (4 h) 20
0-CoSey/CFP 2.47 h' (0.5 Vrug) 14.86 (6 h at 0.4V gruE) 39
CoN@CNT 5.30 h! (0.45 V ruE) 63.6 (12 h at 0.45V rug) 16
CoS> 3.15 (0.5 Vrug) 3.15(1 hat 0.5 Vrug) 37
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Table S6. Metal compositions (cobalt) of electrolyte sampled from electrolysis test (ICP results, H-

cell and flow cell).

Samples Metal content (ug L erectrolyte ')
Electrolyte from H-cell test (6h) 17.6
Electrolyte from flow cell test (1h) 4.01
Electrolyte from flow cell test (6h) 3.48
Pristine electrolyte Below detention limit
MDL 0.10

MDL-Method detection limit is the lowest concentration at which an analyte can be detected in a
sample with 99% certainty.
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Table S7. Selected two-electrode cell systems reported for electrosynthesis of acidic H,O,.

Cell Operation condition Faradai Ener
. [H20: | ¢ Productio 8 | Referenc
configuration . . consumpti
Potentia | | efficienc | n rate e
and setup Electroly v on
te y
current
0.094
mmol cm’
5V, 200 | 136 60% 2 hl/47 1
Two-electrode mA ppm | (6h) mmol 17.6 Whg
pre-pilot plant, Leatalyst I
20cm? !
Ti|RuO»-based 0.25
anode, a 20cm? | 2.5 L of mmol cm’
CoSxPy/MWC | 0.05M 9-10V, 408 60% 2 hl/125 279 Wh ol | 4
NT air- | NazSOs, | 500 mA | ppm | (6h) mmol ' &
dlfoSIOI’l pH=3 gcatalyst-l h-
cathode !
(catalyst 0.315
loading: 2.0 mg mmol cm’
cm?) 13-14V, | 510 60% 2 hl/156 q
800 mA | ppm | (6h) mmol S08 Whg
gcatalyst-1 h
I
Two-electrode 32 V|14 30% 0.0015 _ ;
flow cell, mmol cm™ | 204 Wh g
5 59.5mA | ppm | (3h) 2101
17cm > L of h
Ti|RuO»-based 0.05M 45 V|13 18% 0.0014 _ o
anode, a mmol cm™ | 61.7 Wh g
) Na>SO4, | 119mA | ppm | (3h) 2 1-1
180cm H=3 h
reticulated P 60 V.|, 0.0012
vitreous carbon 178.5 9% (3h) | mmol cm™ | 153 Wh g'!
cathode mA ppm 2ht!
Two-clectrode | 1551 of
Cylindrical 0.05M
S ) o
cell, cylindrical Na:SOs, 43 V,|272 21% 0. 1_2 rn_rlnol 31.6 Whg! |
Pt gauze anode, _ 100 mA | ppm | (2.5h) cm™ h
) pH=3 (20
a 4 cm” carbon 0C)
sponge cathode
Two-electrode
flow cell, a 675 mmol
RllOz-baSGd 0' 1 M Nl '65 V’ 1 840 N/A gcatalyst-l h- N/A 51
HCIO4 25mA | ppm :
anode, Co
SA/CC cathode
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1.8V, 38

Two-electrode | 40 mL 0 0.02
flow reactor, a | 0.1M mAZ (10| 182 310}'12A) mmol c¢cm™ | 8.0 Wh g'!
MMO anode, Na>SOs cn:h d ppm (1h) 2p-!
carbon cathode)
Eﬁliﬁﬁcmated 200 - mL 1'680 m\/g 210 | 4920 | 00186
. 0.1M ) ' mmol cm | 54 Whg! |
polyvinylidene NaySOs (79 cm” | ppm | (1h) 2
fluoride cathode)
(CB/AC/
PVDF) CathOde 1.8 Vo 0.008
(Catalyst 3L OIM 600 mA 66 53% mmol cm- 49Wh -1
loading :20 mg | Na2SO4 (707 cm? | ppm | (1h) 2! ' s
cm?) cathode)
400 mL
Two-electrod
vavﬁniiﬁzeflo ©|clectrolyt | 345 V.90 | 14% (90 &(;j;l cmr | 38.8 Wh g'!
cell, a Pt screen iontainin 270 mA | ppm | min) 2p!
anode, a 20cm? .SO
cobalt 1)) (gOl zmoi >3
hthalocyanine _'
(Cope) based | L) and 454 .30 | 20% 90 |21 |
oo K>SO4 880 mA | ppm | min) mn_lo om &
gas  diffusion 0.1 mol 2pt
electrode L‘.l)
Two-electrode
flow cell
|5 L of
2
100em™ DSAoosm | (68 (13w |00 Tisoawhg |,
oem? Na:SOs, | 725 7% fppm |ty [} 7
100cm* carbon- H=3 h
PTFE  GDE |P
cathode
Two-electrode
0.294
flow cell, a|pH=3, 20 0 i 55
100cm? carbon- | 25L 3A ppm S17% ;11;1_1101 om” | N/A
GDE cathode
Two-electrode
flow cell, a
’ 0.304
]c)nsle eéjn:&ie/’\/lg 540 mL of 18 V mmol cm’
as diff4sion 0.1 M ~'210 > 1100 | 70% 2h''/ 4001 381 Wh o' This
& “ HCIO4 (6 ppm | (6h) mmol ' & | work
electrode h) mA 1
(ca talys t 1gcatalyst
loading: 0.076
mg cm?*)
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Table S8. Comparison of Turnover frequency (TOF) and Turnover number (TON) of our catalyst

electrode and the recent state-of-the-art counterparts for acidic H,O, production via 2e- ORR reaction

in 2-electrode cell application.

Cell voltage or

Samples TOF TON Reference
current
CoN4/VG gas
1.8 V (=240 mA) 5757 h! 34542 (6h) This work
diffusion electrode
5V 20.35 h! 122 (6h)
CoSxPy/MWCNT
air-diffusion 9-10V 50.88 h! 305.28 (6h) 48
cathode
13-14V 81.42 h! 488.52 (6h)
Co SA/CC cathode 25 mA 2291 h'! 9166 (4 h) 31
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