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1. Abstract
We report the synthesis of cobalt nanoparticles supported on nitrogen-doped carbon (Cones@N/C) which
can reduce O2 into H2O> with high selectivity (up to 93%) in 0.1M KOH electrolyte and retain high
activity even after 10 hour polarization (>90%). The catalyst achieves a current density of 1 mA cm at
0.76 V(RHE) and achieves a peroxide production rate of ~3.8molu202 gco? h™t over a ten-hour period. Our
study also highlights the requirement for good peroxide production catalysts to be poor hydrogen
peroxide disproportionation catalysts. We show how the high activity of the Conps@N/C catalyst is
correlated with low activity towards the peroxide disproportionation reaction.
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2. Introduction
Hydrogen peroxide (H20>) is an important, environmentally friendly oxidant utilized widely in various
chemical processes including wastewater treatment, paper industry and green chemical synthesis.**

Currently, H.O> is industrially manufactured by the anthraquinone oxidation process. The anthraquinone



technology requires direct use of hydrogen and oxygen gases and involves sequential hydrogenation,
oxidation of anthraquinone molecules and extraction of H20,.5® This multiple-step procedure generates a
large quantity of waste chemicals along with many safety issues including the storage and transportation
of concentrated H.02 " Instead, the direct electrosynthesis of H202 through oxygen reduction reaction
(ORR) via a two-electron step (O2 + 2H" + 2e- — H>0, under acidic conditions, or Oz + H.O + 2e~ —
HO, + OH" under basic conditions) under room temperature has attracted significant attention.12 With
oxygen reduction and water oxidation occurring at the cathode and anode under an external voltage bias,
respectively, the only byproduct is hydroxyl, indicative of the environmental friendliness of such atom
economic method.® 13 Even with the advantages of the direct electrosynthesis H202, the oxygen reduction
is kinetically sluggish and influenced by the competitive four-electron pathway to reduce O2 to undesired
water, which will notably reduce the H>O> yield. Thus, suitable electrocatalysts with high reactivity for
ORR and selectivity towards H>O; are sought after. Nowadays, the state-of-the-art catalysts for the
electrosynthesis of H20- are largely based on noble metals (e.g. Au and Pd) and their alloy (e.g. Pt-Hg,
Ag-Hg, and Pd-Hg).1*'" Those noble metal electrocatalysts drive the ORR via a two-electron pathway
with small overpotential as well as high H.O: selectivity. However, the scarcity and high cost of those
noble metals, as well as the high toxicity of Hg, limit their large-scale applications. Therefore, the
development of an alternative efficient electrocatalyst for the electrosynthesis of H.O> has attracted wide
attention and showed a great potential to substituting the noble metal catalysts.'® 1820 Despite the
resuscitating research interest in this field, one major challenge is to design an appropriate catalyst that
can convert Oz into H20- efficiently over a wide potential range to allow high throughput H20>
production. Here we report the synthesis of cobalt nanoparticles supported on nitrogen-doped carbon
(denoted as Cones@N/C) which can catalyze the ORR via a 2e” reduction selectively to H.O2 over a wide
potential range in alkaline solution. This catalyst is compared to atomically dispersed cobalt single atom

motifs coordinated in nitrogen and carbon matrix catalysts (denoted as Co-Nx/C) and the metal-free



nitrogen doped carbon (denoted as N/C). A comparison is also given with cobalt nanoparticles deposited
on XC-72R carbon (Conps@C). We compare H.O: electrosynthesis performance across all four catalysts.
The approach shown in this work demonstrates that it is possible to choose a nitrogen-containing carbon
precursor with suitable morphology to prepare versatile, scalable and highly active carbon-based
electrocatalysts for the selective production of H,O, from oxygen via a 2e” reduction.?* We show that the
best catalyst also has the lowest rate of activity towards the hydrogen peroxide disproportionation
reaction, an extra important requirement for hydrogen peroxide formation.

Experiments and Methods

3.1 Synthesis of Co-N-C catalyst

Metal-free N/C:?1 0.5 g 1,5-diaminonaphthalene (97%, Sigma Aldrich) and 0.5 g (NH,),S,04 (98%, Sigma
Aldrich) were firstly dispersed in 50 mL ethanol (absolute, VWR). The mixture was then stirred for 24 h at
25 °C to obtain 1,5-diaminonaphtalene oligomers. Then the obtained dispersion was heated to 80 °C to
evaporate ethanol and drive the oligomers polymerization. The as-synthesized grey powder was then loaded
in a high alumina combustion boat and heated in the tube furnace to 1000 °C at a heating rate of 10 °C min°
1 and held for 2 h under N, (BOC N6.0 grade). The remaining black powder was further refluxed under
120 °C for 8 h in 0.5 M H2S0O4 to remove possible metal impurities and then filtered with a polycarbonate
(PCTE) membrane filter (0.2 Micron, 47mm, Sterlitech). After filtering and drying at 60 °C overnight, the

N/C catalyst was ready to use.

Co-Nx/C: 1 g 1,5-diaminonaphthalene (97%, Sigma Aldrich) was firstly dissolved in 220 mL ethanol
(absolute, VWR). Then 40 mg CoCl, - 6 H,0 (98 %, Sigma-Aldrich) was dissolved in 20 mL ethanol
(absolute, VWR) and added. 1g (NH,),S,04 (98 %, Sigma-Aldrich) was then dissolved in 10 mL H,O
(MilliQ 18.2 MQ cm) and also added to the above solution after 10 minutes. The mixture was stirred at

25 °C for 22 h and then the ethanol was evaporated under 80 °C and the remaining black powder was loaded



in an high alumina combustion boat and then subjected to pyrolysis in tube furnace to 950 °C at a heating
rate of 10 °C min and held for 2 h under Nz (BOC N6.0 grade). The remaining black powder was
refluxed under 120 °C for 8 h in 0.5 M H,SO, and then filtered with a polycarbonate (PCTE) membrane
filter (0.2 Micron, 47mm, Sterlitech). After filtering and drying at 60 °C overnight, the Co-Nx/C catalyst

was ready to use.

Conps@N/C: 350 mg 1,5-diaminonaphtalene (97%, Sigma Aldrich) and 214 mg CoCl, - 6 H,O (98%,
Sigma-Aldrich) were firstly dispersed in 50 mL ethanol (absolute, VWR). The mixture was stirred for 24
h at 25 °C to obtain 1,5-diaminonaphtalene oligomers. Then the dispersion was heated to 80 °C to evaporate
ethanol and drive the oligomers polymerization. The remaining dark powder was then loaded in an high
alumina combustion boat and heated in the tube furnace to 1000 °C at a heating rate of 10 °C min* and
held there for 2 h under N2 (BOC N6.0 grade). The resulting black powder was refluxed under 120 °C for
8 h'in 0.5 M H>SO4 and then filtered with a polycarbonate (PCTE) membrane filter (0.2 Micron, 47mm,
Sterlitech). After being filtered and dried at 60 °C overnight, the Conps@N/C catalyst was ready to use. It
is worth noting that no additional oxidant (i.e., (NH,),S,04) was added in this synthesis, the autoxidation
of the excessive CoCl> to the metal +3 species by O: in the solution was found to facilitate the oxidative

polymerization.?!?2

Conps/C: 350 mg Carbon black powder (350mg, Vulcan XC72R, Cabot) and 214 mg CoCl, - 6 H,0 (98%,
Sigma-Aldrich) were dispersed in 50 mL ethanol (absolute, VWR). The mixture was stirred for 24 h at
25 °C to obtain the well dispersed precursor. The dispersion was then heated to 80°C to evaporate ethanol
and pyrolyzed in a tube furnace to 1000 °C at a heating rate of 10 °C min and held for 2 h under N, (BOC
N6.0 grade). The remaining black powder was refluxed under 25 °C for 8 h in 0.5 M H>SO4 and then
filtered with a polycarbonate (PCTE) membrane filter (0.2 Micron, 47mm, Sterlitech). After being filtered

and dried at 60 °C overnight, the Conps/C catalyst was ready to use.



3.2 Catalysts characterization

X-ray diffraction (XRD) was performed on a Bruker AXS D2 Phaser Desktop X-ray
Diffractometer. X-ray photoelectron spectroscopy (XPS) was obtained on a Thermo Scientific K-
Alpha X-ray Photoelectron Spectrometer system (Al K a, 1486.6 eV). Transmission electron
microscope (TEM) analysis was obtained from a FEI Titan Krios™ G3. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) was carried out on an IRIS Intrepid II XSP (Thermo
Electron Corporation, USA). Raman spectra were recorded on an inVia™ confocal Raman
microscope. N> adsorption was performed on an Autosorb iQ (Quantachrome Instruments) to obtain
the Brunauer-Emmett-Teller (BET) surface area. X-Ray Fluorescence analysis (XRF) was
performed on a Bruker S2 PICOFOX. The coordination environment of Co atoms in the synthesized
catalysts was examined by X-ray absorption spectroscopy (XAS). The XAS spectra were recorded
in the fluorescence mode at 10C beamline of Pohang Accelerator Laboratory (PAL). As reference
materials, spectra of Co(ll) phthalocyanine (Co''Pc) and metallic cobalt foil were also measured.
X-ray absorption near edge structure (XANES) and Fourier transformation (FT) of the extended X-
ray absorption fine structure (EXAFS) spectra were processed in the k-range of 3 - 11 A using

Athena software.?®

3.3 Electrochemical experiments

The electrochemical experiments were performed using a rotating ring disk electrode (RRDE) (Pine
Instruments, model AFE6R1AU with glassy carbon as disk with a concentric gold ring and rotator model
AFMSRCE). The inks consisted of a known amount of catalyst in IPA (VWR) and H.O (MilliQ 18.2 MQ
cm) mixture solution (volume ratio = 1:1). Besides, Nafion solution (5 wt%, Sigma-Aldrich) following a
weight ratio of 0.034 of Nafion to catalyst was also added.?* The inks were drop casted on the glassy carbon

disk and dried to make a final catalysts loading of 0.1 mg cm™. A three-electrode glass cell was used. A



reversible hydrogen electrode and a glassy carbon rod were used as the reference electrode and the counter
electrode, respectively. The RHE reference electrode was ionically connected to the main part of the
electrochemical cell via a Luggin-Haber-Capillary. A potentiostat (Autolab, model PGSTAT302N) was
used during all the electrochemical measurements in this work to control potential or current. Steady state
ORR polarization curves with iR compensation were obtained under 30 mV step potentials with 30s hold
in Oz-saturated 0.1 M KOH (VWR Chemicals, 85.3%). Ultrapure N2 and Oz (BIP plus-X47S, Air products)
were used to purge the 0.1 M KOH electrolytes. Cleaning protocol was performed before every
electrochemical experiment to obtain stable baselines. The cleaning protocol consisted of 20 cycles at 100
mV s?, 10 cycles at 10 mV st and 5 cycles at 5 mV st in No-saturated 0.1 M KOH, sequentially, in the
potential window of 1.05 - -0.2V vs RHE. Selective poisoning of the electrocatalysts was investigated by
collecting the RRDE ORR polarization curves in Oz-saturated 0.1 M KOH before and after dosing the KCN
solution into the electrolyte to obtain a total CN™ concentration of 10 mM. In order to avoid any changes
related to the catalyst loading, the same batch of the catalyst-coated glassy carbon electrode was used for
the whole set of experiments.?® In contrast to many other papers in this area which detect hydrogen peroxide
on Ptring electrodes, at 1.2-1.3 V, we used a gold ring at a potential of 1.5 V. The reason for this is twofold
—(a) as gold is much less active for oxygen evolution, it can be used for H,O> oxidation at higher potential
(b) it provides a more stable response for the H>O, oxidation. The peroxide oxidation current was corrected
by subtracting the ring current obtained under nitrogen from the ring current under oxygen. The percentage

of peroxide produced during the ORR was calculated using the following equation:

2I./N
HZOZ(%) = m x 100 (1)

where N is the collection efficiency of the RRDE, and I4 and I are the measured disk and ring currents,
respectively. The electron transfer number during the ORR process at the disk electrode was calculated as

follows:



n =t 2)

" Ig+IL/N

Moles of H20> produced during the ORR was calculated as follows:

I
H,0, (mols™) = f 3

where F is the Faraday constant. Quantification of hydrogen peroxide produced during a 10-hour
polarization was performed using a colorimetric method involving the reaction of product H,O2 with TiO?*

(details in Sl, Figure S11 and associated text).
3.4 Hydrogen peroxide determination

A hydrogen peroxide colorimetric assay involving reacting aliquots of H>O containing electrolyte with 0.1
M TiOSO;4 solution was used to determine the concentration of H2O2 in solution. Assessment of the
concentration involved measuring the absorbance at 407 and nm using a molar absorbance of 3.86 M cm™

(see supplementary section 9 for discussion and calibration graph).

Hydrogen peroxide decomposition was determined by preparing 100 ml of solution containing 0.1 M KOH,
0.5 mM H202 (similar to the concentration produced during long term electrolysis), and 1 mg dm catalyst.
The reaction mixture was stirred, and aliquots were removed at predetermined periods, filtered, and the

amount of hydrogen peroxide determined through the above colorimetric assay.
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Figure 1 (a) Schematic of the catalyst synthesis process, and SEM images of the Conps@N/C catalyst
before and after pyrolysis. (b) High-resolution TEM images, (c¢) STEM-EDS mapping, and (d) HAADF-
STEM image of the Conps@N/C catalyst, inset is the crystal model on the [001] zone axis of metallic
cobalt. (e) High-resolution TEM images, (f) STEM-EDS mapping, and (g) HAADF-STEM image of the Co-
Nx/C catalyst. (h) XRD patterns and (i) Raman spectroscopy of the Conps@N/C, Co-Nx/C, and N/C
catalysts. (j) N2 isotherms and corresponding pore size distribution of Conps@N/C and Co-Ny/C

catalysts.

3. Results and Discussion
The synthetic steps for the preparation of the Cones@N/C catalyst are presented in Figure 1la. Catalyst
precursors were synthesized in a one-pot process by dispersing 1,5-diaminonaphthalene and CoCl; in

ethanol and stirring for 24 h. The mixture was then heated up to 80 °C to remove the solvent and complete



the polymerization. The morphologies of the precursor were firstly characterized by scanning electron
microscopy (SEM) and these self-assembled nanospheres precursors were then pyrolyzed in a tube
furnace at 1000 °C under an inert N2 atmosphere for 2 h to obtain the Conps@N/C catalyst. As shown in
Figure 1a, high surface area carbon materials, with nitrogen and cobalt doped, were achieved after
pyrolysis. Moreover, the Co-Nx/C catalyst was also synthesized as a comparison. In this synthesis, the
pyrolysis temperature was decreased to 950°C and ammonium persulfate was added during the
polymerization step to promote the formation of oligomers.?* Similarly, N/C catalyst was synthesized
using the same method but no additional metal resource was added. The structural morphology of the
Conps@N/C and Co-Ny/C catalysts was further characterized by TEM. As shown in Figure 1b, high-
resolution TEM image of the Conps@N/C clearly show the lattice of graphitized carbon, as well as the
morphology of porous carbon nanostructures and cobalt nanoparticles (Figure S1), with an average
particle size of ~25 nm. The formation of porous carbon nanostructures might be caused by the removal
of excessive cobalt nanoparticles by acid leaching. The STEM-EDS mapping in Figure 1c characterized
the element composition and distribution of Cones@N/C, further confirming the existence of metallic
cobalt nanoparticles and uniform nitrogen doping. Furthermore, the lattice spacing (0.204nm) of face-
centered cubic Co (111) crystal planes observed in the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) in Figure 1d identified the crystal structure of
metallic cobalt nanoparticles. Conversely, as shown in Figure 1le and Figure 1f, no graphitized carbon and
cobalt nanoparticles can be observed in the Co-Nx/C catalyst while certain amount of atomically
dispersed Co atoms can be found in the HAADF-STEM image in Figure 1g. Additionally, the
morphology of the metal-free N/C catalyst was also characterized by HRTEM (Figure S2). Moreover, as
shown in Figure 1h, the XRD patterns exhibit two broad diffraction peaks for the N/C and Co-Nx/C
catalysts at around 25°and 44°, which can be assigned to amorphous carbon. However, due to the

presence of the Bragg reflection of the (002) peak at 25°, high crystallinity can be observed in the



Conps@N/C catalyst, indicative of the formation of highly graphitized carbon. Besides, the three sharp
peaks showed in the Conps@N/C catalyst at 44°, 51°, and 76° can be assigned to the (111), (200), and
(220) facets of metallic cobalt (PDF#15-0806), respectively. The above XRD data correspond well with
the results observed by TEM. The existence of metallic cobalt indicates that some coordinated cobalt ions
from cobalt chloride are reduced under reductive inner atmosphere and formed cobalt nanoparticles
during the pyrolysis.®> The trend in graphitization observed in XRD was also verified by Raman
spectroscopy (Figure 1i). The peak located at 1365 cm™ (D band) is attributed to disordered sp® carbon ,
whereas the peak located at 1584 cm™ (G band) is related to graphitic sp>-hybridized carbon.?’ The width
of the Raman G and D bands increases in the order Cones@N/C < N/C < Co-Nx/C, with an increased
intensity ratio of D band to G band (Io/lg) from 0.83 for Cones@N/C to 0.98 for Co-Nx/C, indicating
increased tortuosity and defects of the graphene layers.?® It can be observed that the N/C prepared without
the addition of cobalt presents a highly disordered carbon while higher degree of graphitization was found
in the Conps@N/C, which can also be indicated by the 2D band located at ~2700 cm™ for the Cones@N/C
due to the interaction between neighboring graphitic planes and the variations in the total number of
graphene layers.?” The porosity of the Cones@N/C and Co-Ny/C was further investigated based on the N
adsorption / desorption isotherms, as shown in the inset of Figure 1j, both the isotherms are typical for
mesoporous materials, with a hysteresis loop showing at high N2 pressures.?® The Brunauer-Emmett-
Teller (BET) surface area of the Co-Nx/C (119.9 m? g1 is twice as much as that of Conps@N/C (59.8 m?
g1), indicating that the higher pyrolysis temperate resulting in the formation of highly graphitized carbon
and hence less porous carbon. The pore size distribution (PSD) was determined according to the density
function theory (DFT) model. Both the pore size distribution of the Conps@N/C and Co-N,/C focused at
~5.2 nm. However, the Co-Nx/C showed a slightly wider PSD ranging from 5 nm to 15 nm, which might
contribute to the increased BET surface area of the Co-Nx/C. The results showed that the texture of these

carbon-based materials depends significantly on the pyrolysis temperature.?®
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Figure 2 High-resolution (a) N 1s and (b) S 2p XPS spectra of the Conps@N/C, Co-Nx/C, and N/C
catalysts. (c) XANES and (d) EXAFS curves of the Co K edge of the Conps@N/C and Co-N/C catalysts.

Furthermore, in order to gain further information about the surface elemental composition, X-ray
photoelectron spectroscopy (XPS) was performed. The survey spectrum (Figure S3) revealed small
amounts of Co in Co-Nx/C (~0.02 at%) and Cones@N/C (~0.05 at%), lower than the contents of Co
measured by ICP-AES in Co-N,/C (0.16 at %) and Cones@N/C (0.26 at %), suggesting that large
amounts of Co in these two catalysts are in the bulk of carbon matrices. Besides, relatively high content
of nitrogen was discovered on the surface of all the three samples (3.47 at% for N/C, 3.36 at% for Co-
Nx/C, and 1.49 at% for Conps@N/C). In the deconvoluted high resolution N 1s spectra (Figure 2a), the
peaks located at 398.5 eV, 399.4 eV, 400.7 eV, 401.6 eV, and 405.2 eV are assigned to pyridinic, Co-Nx
moieties, pyrrolic, graphitic, and N-oxide, respectively.>-3? Details about the content of each nitrogen
species in the catalysts can be found in Table S1. Moreover, as shown in the deconvoluted S 2p spectra in

Figure 2b, two main peaks were observed in the Co-Nx/C and N/C catalysts. The broad peak located at



the binding energy of 164 eV can be attributed to aromatic sulfur or sulfones and thiophene due to the
introduction of persulfate species for oxidative polymerization during the synthesis step.® The other peak
at higher binding energy should be assigned to surface sulfate due to leaching with sulfuric acid.

In order to further investigate the valence state and local coordination environment of cobalt in the
Conps@N/C and Co-Nx/C, XANES and EXAFS spectra were obtained. As shown in Figure 2c by the Co
K-edge XANES spectra, the adsorption edge profile of Co-Nx/C is between Co metallic foil and Cobalt
(I1) Phthalocyanine (CoPc), revealing that the Co in Co-Nx/C has an oxidation state between 0 and 2+.
The nearly absence of a pre-edge feature at ~7709 eV in the Co-Nx/C catalyst suggests a symmetric
coordination environment of Co, for example, Co-N4.34 In contrast, as for the Cones@N/C, Co are quite
visibly in the 0 oxidation state as its edge-position profile is much closer to Co metallic foil. Furthermore,
the corresponding Fourier transforms of EXAFS for the Conps@N/C and Co-Ny/C are plotted in Figure
2d. As for the Conps@N/C catalyst, the signal at 2.14 A matches well with the spectra of metallic cobalt
foil, suggesting that these peaks are mainly from the Co-Co scattering in cobalt nanoparticles, Conps.
However, the Co-Nx/C catalyst exhibits two different peaks at 1.53 A and 2.27 A, which correspond to
the Co-N/O and Co-N/C scattering pair, respectively.

The reactivity and selectivity of the catalysts towards ORR were assessed using the RRDE technique. In
order to avoid active precious metal contamination (e.g. Pt), a glassy carbon rod was chosen as the
counter electrode. The gold ring was held at +1.5 Vrye to measure the amount of hydrogen peroxide
formed at the disk electrode during the ORR. A gold ring is used (rather than Pt, which is often used in
the literature) because oxygen evolution is poor on Au and allows a more stable H.O> oxidation response
at a higher potential. All the electrochemical results have had the response obtained under N2 subtracted
from them with one example found in Figure S5. Moreover, in order to investigate the effect of nitrogen
doping, bare cobalt nanoparticles supported on carbon (denoted as Conps/C) was prepared and tested as a

comparison. The synthesis of Conps/C is similar to that of Conps@N/C, except that 1,5-diaminonaphtalene



was replaced by carbon black powder (Vulcan XC72R, Cabot). The physical characterizations for

Conps/C can be found in Figure S6-S8.
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Figure 3 (a) Steady-state RRDE measurements in 0.1 M KOH, with the Au ring held at +1.5 Vg,
rotating speed: 1600 rpm, 30 s hold, 30 mV step potential, catalysts loading: 100 pg cm2, Pt/C: 20 pg
cm2. (b) H20; yield and (c) H,03 selectivity (H202 %) and the corresponding electron transfer number
at +0.5 Vgrue derived from RRDE data in Figure 3 (a). (d) Moles of H20, produced on the Conps@N/C,
N/C and Conps/C electrocatalysts at different potential derived from RRDE data in Figure 3 (a). (e)
Chronoamperometric response of the Conps@N/C and N/C electrocatalyst at 0.6 V for stability
evaluation.

Figure 3a shows the ORR disk current (lower panel) while the ring current (upper panel) monitors H>O>

production. The Conps@N/C catalyst exhibits high activity for ORR with an onset potential of 0.85 V



(defined as the potential at the current density of 0.01 mA cm2) versus RHE. The potential to drive a
current density of 1.0 mA cm is 0.76 V versus RHE, which is significantly higher than those for the
previously reported catalysts (Table S2). As shown in Figure 3b and Figure 3c, the Pt/C shows a typical
4e” process towards the oxygen reduction with the lowest H.O: selectivity (~ 1%) and the highest electron
transfer number being measured. The Cones@N/C catalyst delivers the highest H20- selectivity in a wide
potential range of 0.05-0.75 V versus RHE. Note that an H>O: yield of 93% at 0.5 V versus RHE was
achieved and the corresponding electron transfer number is estimated to be 2.13. Without the addition of
cobalt nanoparticles, the N/C electrocatalyst demonstrates poorer ORR reactivity compared with
Conps@N/C, as a lower potential of 0.61 V versus RHE at 1.0 mA cm are observed, suggesting that the
synergy of cobalt nanoparticles is crucial to the reactivity towards ORR. However, interestingly, although
it has the lowest ORR reactivity, the selectivity for the electrosynthesis of H,O2 on N/C is high, with

82 % obtained at 0.5 V versus RHE. As for the Co-Nx/C, the highest ORR reactivity is achieved among
all the aforementioned carbon-based catalysts prepared in this work verified by the highest potential of
0.78 V versus RHE at 1.0 mA cm?, and this is coupled with the lowest H20; selectivity with 52% of
H->0O> yield and corresponding electron transfer number of 3.01 observed at 0.5 V versus RHE. In
contrast, Co nanoparticles deposited on carbon which does not contain significant nitrogen functionality
(Conps/C) was also tested to investigate the effect of nitrogen doping in the substrate towards oxygen
reduction. As shown in Figure 3a, the Cones/C catalyst delivers a 1 mA cm current density at only 0.67
V versus RHE. Besides, slightly lower H2O: selectivity is found on Conps/C over a wide potential range
of 0.05-0.75 V versus RHE compared with the N/C catalysts. The comparatively high selectivity of the
Conps/C catalysts might result from the formation of Co-C-O motifs in the Cones/C catalysts analogous to
the previously reported Fe-C-O motifs, which are highly active towards the electrosynthesis of H2O> in
alkaline solutions.®® Additionally, the effect of sulfur doping on the ORR activity was investigated based

on previous work in the group by changing the sulfur containing ammonium persulfate to H20-, but no



significant difference in the ORR performance in the presence or absence of sulfur was found.®” As
mentioned above, although the H2O> selectivity on the metal-free N/C and Cones/C is considerably high,
however, if molar production of H,O2 molecule on these catalysts was considered, the Conps@N/C
catalysts showed significantly better performance than the metal-free N/C and Cones/C. For instance,
production of H20> increases almost 8-fold from 0.21 (N/C), and 4-fold from 0.46 (Cones/C) to 1.58
(Conps@N/C) x 10°° mole s at 0.7 V versus RHE. Besides, different transition metal nanoparticle
catalysts supported on nitrogen doped carbon, Mnps@N/C (M= Fe, Ni, and Cu), were prepared through
the same synthesis as the Cones@N/C, except for the use of different metal source (e.g. FeCl,). The ORR
results (Figure S9) reveal the trend in H20> yield as Conps@N/C > Ninps@N/C > Cunps@N/C =
Fenps@N/C, indicating the most favorable two electron selectivity towards ORR for producing H202 over
the Conps@N/C catalyst. The above electrochemical tests towards the electrosynthesis of H>O on the as-
prepared four carbon-based electrocatalysts demonstrate that the synergy of cobalt nanoparticles and
nitrogen doping play an essential role in both accelerating the reactivity of oxygen reduction and
improving the H20; selectivity. Moreover, the performance stability of the N/C and Cones@N/C catalysts
were also evaluated by the chronoamperometry test at a fixed disk potential of 0.6 V verse RHE. As
shown in Figure 3e, the apparent increase of ring current and H20> selectivity on both the N/C and
Conps@N/C catalysts should be attributed to the gradual accumulation of H2O: in the electrolyte. The
concentration of generated H,O> was also determined using a colorimetric method (Section S9 and S10).
With an applied potential of 0.6 Vrre and using 100mL electrolyte, after 10 h reaction a typical
concentration of H20: is about 0.76 mM, with a Faradaic efficiency of ~82%, corresponding to a H20>
production rate of ~3.8molnz02 geo ™t h™L. After changing the electrolyte, high H2O; selectivity of ~ 90% on
the Conps@N/C catalyst can be recovered (Figure S10). X-Ray Fluorescence analysis (XRF) was
performed on the electrolyte after the 10 h reaction to examine possible cobalt species in the solution, as

shown in Figure S13 and Table S3, with no detectable cobalt observed in the electrolyte.
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Figure 4 Steady-state RRDE measurements of the (a) N/C, (b) Co-Ny/C, and (c) Conps@N/C catalysts in
0.1 M KOH with and without 10mmol KCN, with the Au ring held at +1.5 Vgrue, rotation frequency:
1600 rpm, 30 s hold, 30 mV step potential, catalysts loading: 100 pg cm™. (d) Catalytic decomposition
of H,0, with time (time increases going from left to right hand side) in the presence and absence of
Conps@N/C and Co-Ny/C catalysts. Aliquots from the reaction mixture were extracted, filtered and
reacted with 0.1 M TiOSQO4 solution to produce a yellow colored peroxy titanium (1V) (see section S9
for discussion). (e) Background corrected H,0; concentration versus time during disproportionation of
hydrogen peroxide in the presence of Conps@N/C and Co-N,/C catalysts. Also shown is the fit to a 2"
order decomposition process and the derived rate constants. Solution composition: 0.1 M KOH, 0.5
mM H20,, 1 mg dm3 catalyst.

The distinct functions of the Conps@N/C and Co-Nx/C were further investigated by selectively poisoning
one type of metal center at a time and then monitor changes in ORR reactivity and selectivity.? It has
been known that cyanide ions (CN°) can coordinate with transition metals such as Fe and Co, resulting in
inhibiting metal active sites toward ORR and hence decreasing the ORR activity.*3° For comparison, the
ORR activity of the Co-free nitrogen containing carbon substrate (N/C) was also determined. The ORR

activity of the aforementioned electrocatalysts was compared in O-saturated 0.1M KOH in the presence



or absence of 10mM KCN in order to investigate the essential role of metal active sites for the ORR. As
shown in Figure 4a, addition of CN™ has no effect on the N/C carbon substrate. In contrast, the
introduction of CN" to the Co containing catalysts resulted in impaired ORR reactivity on both the
Cones@N/C and Co-Nyx/C by shifting ORR polarization curves towards negative potentials, Figure 4b and
c. Indeed, the performance as characterized by the disk current of the Conpes@N/C and Co-N,/C catalysts
after poisoning look very similar to that of the N/C catalysts suggesting that the Co has been very
effectively poisoned leaving only the activity of the underlying support material. Similarly, the ring
currents after poisoning of the Co-containing catalysts look similar in terms of shape and magnitude
(although maybe slightly less in magnitude) compared to the N/C catalyst. Small differences in the
poisoned activity suggest that there might be some residual (i.e. non-poisoned) activity on the Co
catalysts, although the effect is small. Although the Co-Ny/C catalyst showed a significant decrease in
disk current and negative shift in potential, the selectivity of its ORR does not significantly change. In
contrast, there is a significant drop in the H20> selectivity for the Conps@N/C catalyst upon CN-
poisoning which seems mainly associated with the lower selectivity of H.O> production on the underlying
N/C support i.e. the selectivity which would be composed of the selectivity’s of the reaction on both
Cones@N/C and N/C and which upon poisoning becomes dominated by the N/C selectivity.

In order for a catalyst to be effective at production of hydrogen peroxide, three independent factors need
to be fulfilled: a) Reduction of oxygen to peroxide should be a facile and easy process; b) the produced
peroxide should not be bound too tightly to the catalyst site, so that it can desorb from the catalyst rather
than continue to be reduced to water; and c) the disproportionation reaction of the generated hydrogen
peroxide needs to be suppressed. Reduction of oxygen to the hydrogen peroxide anion occurs at a slightly
higher potential than the equivalent potential in acid due to the added stability of the hydrogen peroxide

anion in alkaline solution (hydrogen peroxide is a weak acid with a pKa of 11.7 )

0, +H,0+2e"2H0™ + HO,~ E%(Oz2, HOZ2)=-0.065V ERME(0,,HO,)=0.761V  (4)
0,+2H" +2¢~ 2 H,0, E°(O2, H202)=0.695 V ERHE(O,,H,02)=0.695V  (5)



where the potentials are calculated from the thermodynamic data in “°. The onset potential for the ORR on
both Conps@N/C and Co-Nx/C seem well aligned this potential. The disproportionation of hydrogen
peroxide is a highly favorable process having a large and negative free energy change in alkaline
environment*

2HO0,” - 2HO™ + 0, AG=-176.86 kJ mol* (6)
In order to understand whether the high selectivity seen towards H20, production on the Conps@N/C
catalyst compared to the Co-Nx/C is related to catalysis of the disproportionation reaction (i.e. point c,
equation 6 above), we examined the ability of each of the catalysts to catalyze the disproportionation
reaction of 0.5 mM H2O- in a chemical reaction, Figure 4 (d) and (e) (see experimental section 3.4).
Filtered aliquots of the reactant mixture were reacted with TiOSO4 solution in order to produce a colored
peroxy-titanium(l1\V) complex. Figure 4(d) shows that aliquots taken at progressively longer time decrease
in color intensity as the amount of hydrogen peroxide decreases. Figure 4(e) shows the change in H20>
concentration with time (see supplementary section 9 for calibration). The response curves are well

described by a 2" order process i.e.

= kobs[HOZ_]z [HOZ_]t = - T (7

k0b5t+[H02_]0

d[HO, ]
dt

although the Conps@N/C catalyst also shows reasonable fits for zeroth and first order decays. kobs for the
Co-Nx/C is significantly higher than on the Cones@N/C catalyst suggesting that the hypothesis that lower

H20- yield on Co-Ny/C is associated with faster H,O, decomposition is reasonable.
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Figure 5 (a) Steady-state RRDE measurements of the Cones@N/C and N/C catalysts in 0.1 M KOH, 0.5 M
H.S04, and 0.1 M PBS, respectively, with the Au ring held at +1.5 Vg, rotating speed: 1600 rpm, 30 s
hold, 30 mV step potential, catalysts loading: 100 pg cm2. (b) H,0; selectivity (H,02 %) at +0.2 Vrue and
(c) Tafel plot derived from RRDE data in Figure 5(a).Tafel lines fit over at least 2 % orders of magnitude
of current with parameters collected in Table 1, ERHE(02,HO,7)=0.761 V and ERHE(O,,H,0,)=0.695 V
equation 4 and 5.

The electrolyte pH effect for H.O> production over both the Cones@N/C, N/C, and Co-N,/C (Figure S14)
catalysts were also investigated, with three different electrolytes covering strongly alkaline, neutral pH,
and strongly acidic conditions. As shown in Figure 5a and Table 1 the onset potential of oxygen reduction
for Cones@N/C and N/C catalysts decrease with decreasing pH with the Conps@N/C catalyst always
having a higher onset potential than the N/C catalyst. The shifts in onset potential on moving from pH 13
to pH 7.2 on the N/C and Conps@N/C catalysts (0.07 V, 0.09 V, respectively), are quite close to the shift
in equilibrium potential in moving from HO2™ to H20> as product (0.066V). For N/C catalyst this shift
seems entirely due to the shift in the equilibrium potential whereas for the Cones@N/C catalyst there is

liable to be some mechanistic change also adding a contribution. In acid solution, there is a further



negative shift in the onset potential for both catalysts, and it is reasonable to assume that this is due to a

mechanistic change in the reduction process.

Table 1. Onset potential and Tafel analysis of results in Figure 5 as a function of catalyst, electrolyte (pH)
and (for the Conps@N/C catalyst) potential range. The potential range over which the Tafel slope was
measured was either above or below the standard potential for oxygen reduction to the peroxide anion
(ERHE(02,HO,)=0.761 V, pH>11.7) or hydrogen peroxide (ERHE(O2,H20,)=0.695 V, pH<11.7)

respectively.

Electrolyte pH Catalyst
N/C Conps@N/C
Eonset Tafel slope Eonset Tafel slope, Tafel slope,
-1

v, / mV decade v E>ERY, o E<E

/ mV decade™ / mV decade™
0.1 M (KOH) | 13 0.81 86 0.85 39 104
0.1M PBS 72| 074 170 0.76 N.A 105
0.5 M H2SO4 03| 0.1 151 0.71 76 184

Tafel analysis was then performed to investigate the ORR Kkinetics in these electrolytes as a function of

pH using the Tafel equation:*!

n=alogj+b

(8)

where 7 is the overpotential, j is the kinetic current density, and a is the Tafel slope. The kinetic current

densities were calculated based on the Koutecky-Levich equation:*?

1 _ 1 1
/jkin - /jdisk+ /jlim

9)

where jqisk and Jiim are the current density measured on the disk and the current density due to diffusion

limitation, respectively. It should be noted that the disk current density value at 0 Vrxe Was taken as the

diffusion-limited current density for the N/C catalyst in acidic and neutral solutions, as well as the

Cones@N/C catalyst in acid, since there is no obvious diffusion limitation being reached for the

aforementioned results under the selected potential range. Tafel analysis is somewhat complicated by the

possibility of two different products, although we assume that the reactions are dominated by oxygen



reduction to hydrogen peroxide as confirmed by the measured peroxide yield on these materials. In order
to establish a pseudo-steady state performance for the catalysts in Tafel analysis each measurement point
was polarized for 30s during which time the current stabilized.

Figure 5c, shows the kinetic currents for the N/C and Conps@N/C catalysts as a function of pH and with
Tafel slopes (lines) calculated over appropriate ranges of current. Tafel slopes were only calculated where
there was at least 2% orders of magnitude of current showing a linear trend and in all cases the correlation
coefficients were greater than 0.984 (average 0.994, n=8). Table 1 collects the parameters from the Tafel
analysis. The Cones@N/C catalyst shows two different Tafel slopes whereas the N/C catalyst in general
only shows one slope. A summary of the slopes is provided in Table 1 and show gradually increased
Tafel slopes as the pH of the electrolyte decreases, reflecting the retardation of ORR kinetics.
Interestingly, the Conps@N/C catalyst shows two different Tafel slopes, with the two Tafel lines
intersecting each other very close to the equilibrium potentials for oxygen reduction to peroxide in the
respective electrolyte (ERHE(O2,HO,)=0.761 V, in 0.1 M KOH and ER"E(02,H,0,)=0.695 V, in 0.5 M
H2SO4). This suggest that the Tafel slopes at higher potential are due to the ORR forming water and this
then switches to peroxide generation once the potential falls below the equilibrium potential for that
reaction. Note that limited data for the 0.1 M PBS case does not allow fitting of 2" Tafel slope for the
catalyst in that electrolyte. In the high potential region, the Tafel slopes are quite low, 39 and 76 mV
decade™ in alkaline and acid, respectively. Such a low value of Tafel slope is often seen during oxygen
reduction on platinum in the so-called “oxide region” and is typically ascribed to surface coverage effects
—that is it is not indicative of a reaction which accelerates very quickly with applied overpotential, but
rather associated with more reaction sites becoming available as the potential is reduced.

For Co nanopatrticles, it is reasonable to consider which species may exist on the surface during the
oxygen reduction reaction over the potential ranges which are accessed, as the surface speciation may be

important in directing the reaction. Indeed, Co has a rather rich (electro)chemistry in alkaline and neutral



pH environments, and in principle multiple solid state species comprising Cobalt in the +2, (+2/+3 mixed)
and +3 (CoO/Co(OH)2, Co304, C0203/CoOOH) oxidation states may exist as a function of pH and
potential in our experiments as shown by its Pourbaix diagram*. In acid conditions, only Co?* exists as
the stable species over the electrochemical potentials accessed by our experiments, although Pourbaix
points out that in non-oxidizing acids Cobalt is found to be quite (kinetically) stable because of its large
overpotential towards the hydrogen reaction. The potential range over which this low Tafel slope occurs —
0.75-0.85 V (RHE) in alkaline environment is close to the expected potential for the reduction of Coz04
to CoO*®

Co3;0, + H,0 + 2e~ = 3C0o0 + 20H~ E°=-0.051V ERFE=0.777V (9)
Thus in the high potential region on the Co nanoparticles, the low Tafel slope appears to be associated
with the increase in number of available CoO sites as the potential is decreased. This suggests that
CoO/Co(OH)z is probably the active site for oxygen reduction in alkaline/neutral environments. Once the
applied potential decreases below the hydrogen peroxide equilibrium potential, the reaction switches to
peroxide production. In alkaline and neutral environments, the Tafel slope on the Conps@N/C catalyst is
almost identical at 104 and 105 mV decade™ - slightly less than the 118 mV decade™ expected for a one
electron RDS with transfer coefficient of %. The similarity of the Tafel slopes suggest that the mechanism
remains the same on the catalyst as the pH is changed, but an extra 209 mV overpotential is required to
drive the oxygen reduction at the same rate. As the potentials are measured versus the RHE, this
difference is not due to a reference electrode effect but must be associated with a difference in the
reaction. Part of the extra 209 mV overpotential is associated with the different products formed: H->O, at
pH 7.2 and HO> at pH 13, but the associated shift of equilibrium potential by 66 mV (equation 4&5) only
accounts for part of the equilibrium potential. It is likely that the other component of the extra
overpotential is associated with changes to the Co surface with pH associated with the coverage of

Co(OH):2 in alkaline conditions compared to CoO in more neutral and acidic conditions. In acid the



surface becomes more metal like and the reaction undergoes further mechanistic changes and the Tafel
slope becomes even larger suggesting a more kinetically hindered reaction. Hence we suggest that the
favored mechanism within alkaline and neutral environments follows the following scheme 1 on cobalt

nanoparticle catalysts

/ N\
CO” COIII

Scheme 1 Mechanistic process for the reduction of oxygen to hydrogen peroxide
The oxidation of Co(OH)2 by oxygen (step 1) is a process known to occur in aqueous and alkaline
solutions*, and although we write it as a single step, it might involve a number of intermediate steps
involving, for instance, the initial formation of a bound superoxide species prior to proton transfer to
produce the bound peroxide species. However, a crucial process in electrochemical step 1 is the proton
transfer from an adjacent OH to the bound superoxide species. In step 2, reduction of one of the Co(lll)
sites leads to loss of the peroxide anions, and subsequent reduction of the remaining Co(l11) and proton
abstraction from water in step 3 leads to regeneration of the surface. The potential of the electrochemical
reduction of Co(lll) oxides in steps 2 and 3 are well aligned with the reduction potentials of cobalt (111)

oxides*. At low pHs, CoO is the preferred oxide form and so the surface concentration of OH on Co



decreases as pH is decreased leading to a loss in activity towards oxygen reduction as step 1 becomes
more hindered.

4. Conclusion

In summary, four different carbon-based electrocatalysts, i.e. metal-free nitrogen-doped carbon,
atomically dispersed Co-Nx/C, cobalt nanoparticles supported on bare carbon, and cobalt nanoparticles
supported on nitrogen-doped carbon, were successfully prepared. The catalytic performance for H20>
electrosynthesis of these four electrocatalysts were evaluated. Among them, the cobalt nanoparticles
supported on nitrogen-doped carbon, namely Cones@N/C, exhibited a good selectivity for a 2e” pathway
reduction of Oz to H202 over 90% in a wide potential range of 0.05-0.75 V versus RHE), as well as good
electrochemical stability in in 0.1M KOH electrolyte. We find that good performance for hydrogen
peroxide generation is not only associated with good activity towards two electron reduction fo oxygen to
hydrogen peroxide, but also associated with poor activity towards the hydrogen peroxide
disproportionation reaction. The high selectivity towards H.O> on the Conps@N/C catalysts appears to be
associated with not only a good activity for the peroxide production process, but also a significantly
reduced activity towards the hydrogen peroxide disproportionation reaction compared to the Co-Nx/C
tested. Tafel analysis of the most active catalysts provides details of the limiting process and we see that
pH changes likely affect the surface composition of the catalyst and thus modify the performance.
Conditions which favor the formation of OH covered surfaces (i.e. high pH) appear more favorable for
reduction of oxygen to hydrogen peroxide. At intermediate or low pH, the formation of oxide covered

surfaces reduce the activity towards hydrogen peroxide generation.
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