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Heteroatom doped metal-free catalysts are one of the most promising replacements for platinum for the
alkaline oxygen reduction reaction (ORR). Due to the lack of metal atoms, they are extremely stable and
environmentally friendly. However, production of carbon nanomaterials can have a very high CO, foot-
print. In this study, we present ORR catalysts made directly from CO, via molten salt CO, electrolysis. The
deposited carbon powder is doped with nitrogen using pyrolysis in the presence of dicyandiamide. The
effect of molten carbonate electrolyte composition towards the final ORR activity in 0.1 M KOH is studied.
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A thorough physico-chemical study of the starting carbons and N-doped catalysts is presented with SEM
and TEM imaging, BET analysis, Raman and X-ray photoelectron spectroscopy as well as the rotating disk
electrode method. The onset potential and half-wave potential of the better catalyst were —50 and

Published on 26 May 2021. Downloaded by University of Cambridge on 8/31/2021 11:40:28 PM.

rsc.li/greenchem

1. Introduction

Preserving the current way of life in the developed world while
transitioning to a non-carbon energy cycle is among the most
important challenges for mankind in the 21% century.
Reducing CO, concentrations in the atmosphere requires a
multi-pronged approach: the amount of CO, produced must
be decreased while technologies for utilizing CO, also have to
be developed to alleviate the effects that already affect our
environment." The transportation industry, which makes up
14% of the total greenhouse gases,’ could be revolutionized by
substitution of the internal combustion engine for polymer
electrolyte fuel cells (PEMFCs), a device which converts hydro-
gen into electrical energy via controlled oxidation rather than
burning to propel vehicles.* Current PEMFCs use a consider-
able amount of platinum as a catalyst on the cathode side, hin-
dering the commercialization as this noble metal makes up
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—175mV vs. SCE in 0.1 M KOH, respectively.

40% of the price of the fuel cell.’ Platinum is needed to
decrease the overpotential of the oxygen reduction reaction
(ORR), especially under acidic conditions where PEMFC fuel
cells traditionally operate. The emergence of highly conductive
anion exchange membranes (AEMs) has meant that alterna-
tive, non-precious metal or metal free catalysts have become a
viable alternative to platinum, because under alkaline con-
ditions they can show similar or even higher activities.®

Recently, much attention has been focussed on non-pre-
cious metal catalysts, where the active sites (either metal-nitro-
gen coordination centres, M-N,, or metal/metal oxide/metal
carbide particles covered in nitrogen-doped graphitic carbon)
have shown comparable or even higher activities in both acidic
and alkaline media.” > Unfortunately, such catalysts suffer
from an important setback as their stability is low, especially
under fuel cell conditions."**® The quick loss in activity is
commonly associated with either the demetallation of the
metal atoms'>'® or corrosion of the underlying carbon struc-
tures.'”” While these effects are known to be more detrimental
under acidic (and thus more corrosive) conditions, they also
deteriorate the catalysts in alkaline media.'®'® The second
type of replacement catalysts developed forgoes metals entirely
while focusing on maximizing the activity of nitrogen-doped
carbon.?*>* Metal-free catalysts offer a couple of important
advantages over metal-based catalysts, as the first mechanism
of activity loss (demetalation of the active site) is not present
here (thus these catalysts are intrinsically more stable) and
also circumvent the use of metals in the synthesis, of which
the production of some is actually quite bad for the environ-
ment (for example, Mn and Co-based catalysts).">>>%’
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Although metal-free N-doped carbon catalysts have become
an increasingly researched topic in the last 10 years, the origin
of ORR activity in N-doped carbon materials remains contro-
versial. There is still an ongoing debate about the preferential
spatial location (basal or edge sites) or chemical nature (which
nitrogen moiety or combination is responsible for the ORR
activity) of the N atoms.”**® The lone pair of electrons on a
pyridinic N atom (a nitrogen atom in a six-membered carbon
ring bound to two carbons) has long been thought to be the
site responsible for most of the ORR activity due to the
n-conjugation it forms.*>?° Studies made with catalysts con-
taining almost exclusively pyridinic N or with a high number
of catalysts for comparison have confirmed the positive effect
of pyridinic N on the ORR.>>*'73* Theoretical calculations as
well as studies with real catalysts have proven that graphitic N
(a nitrogen atom in a six-membered carbon ring bound to
three carbon atoms) also contributes to the ORR activity of a
N-doped carbon material.>>>*® However, real life catalysts do
not comprise of perfect sp> graphitic sheets, the material is
often rather amorphous and defective. Indeed, a high number
defects and edge sites is also a known descriptor for highly
active N-doped carbon catalysts for the ORR.>' In addition to
this, a large surface area is obviously needed for a high
number of active sites on the surface.

Still, even when avoiding the environmental impact of plati-
num and other metals when creating ORR catalysts for fuel
cells, the impact of synthesizing the carbon itself remains. It
has been found that nanocarbon synthesis via conventional
CVD methods can have a CO, footprint of up to 600 tons of
CO, per tonne of carbon produced.>” The electrochemical con-
version of CO, into solid carbon products in molten salts cir-
cumvents this problem as CO, is instead consumed and
turned into valuable nanocarbon products.” In this method,
the carbonate salts in the electrolyte mixture are split into
solid carbon and O, with the electrolyte then replenished
using CO, from the surrounding atmosphere. The carbon can
be designed according to the needs of the application via the
selection of electrodes, salt mixtures and reaction
temperatures.’®*” By varying these conditions, materials that
are otherwise difficult to produce such as carbon nanotubes,*
carbon nano-onions,”® and graphene®! have already been syn-
thesized. The rate of CO, electrolysis in molten salts is
much higher when compared to that of aqueous solution
based CO, due to the increased electrical conductivity and
high concentration of CO5>~, with electrical efficiencies of 95%
already demonstrated in the literature, meaning that the pro-
duction of carbon via this route can be easily and cheaply
upscaled.*®*®

In this study, we demonstrate for the first time highly active
metal-free ORR catalysts synthesized directly from CO,. We
compare the physico-chemical characteristics of two carbon
materials synthesized from CO,, the changes that happen in
them during nitrogen doping using a pyrolysis process with
dicyandiamide (DCDA) and the effects of doping on their
activity towards the ORR after nitrogen doping using a pyrol-
ysis process with dicyandiamide (DCDA).
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2. Experimental
2.1. Synthesis of carbon precursors from CO,

For all carbon synthesis, a custom cylindrical reactor was used
with an alumina crucible at the bottom containing the carbon-
ate salt mixture. The carbonate salt mixture was heated to the
desired temperature, after which electrodes were inserted into
the molten salt. A cylindrical 304 stainless steel rod (metall24.
ee, Estonia) was used as the anode and a DCO1 steel sheet
(metall24.ee, Estonia) as the cathode. Two different carbon
materials were synthesized under differing conditions. For the
first material, dubbed CO,-1, a eutectic K,CO3-Li,CO; (p.a.,
Lachner) mixture was used at 540 °C. The current density was
1.2 A cm™?, which was applied for 1 hour using a power
supply. The second material was synthesised in pure Li,CO; at
770 °C, otherwise the conditions were the same. After syn-
thesis the carbon was removed from the electrolyte and the
electrode and then washed with 5 M HCl (Merck) multiple
times for removing the salt until there was no visible gas evol-
ution, after which the material was dried and collected.

2.2. N-Doping of carbon precursors

For doping the carbon materials with nitrogen, 100 mg of the
material was first sonicated in isopropanol along with 10 mg
of polyvinylpyrrolidone (PVP, Sigma-Aldrich) and 2 g of dicyan-
diamide (DCDA, Sigma-Aldrich) for 2 hours. After that the
material was dried and placed into a ceramic boat. The boat
was placed into a tubular quartz tube, which in turn was in a
tubular furnace. The furnace was purged with Ar, heated to
800 °C, after which the sample was quickly entered into the
heating zone. The sample was pyrolyzed for 1 hour, cooled and
then removed from the furnace.

2.3. Physical characterisation of CO,-derived N-doped carbon
catalysts

Surface morphology was studied using a ZEISS FE-SEM Ultra
55 scanning electron microscope (SEM). The acceleration
voltage used in SEM measurements for high resolution
imaging was 4.0 kV (In-lens SE detection). Transition electron
microscopy (TEM) was performed using a Tecnai G2 F20, FEL
The samples for TEM analysis were dispersed in 2-propanol
and dripped on a perforated carbon film on a 400-mesh
copper grid (Agar Scientific S147-4).

The specific surface areas, S (m> g™ '), of the synthesized
powders were analyzed by recording nitrogen adsorption-de-
sorption isotherms using a NOVA 1200e instrument
(Quantachrome, UK). The specific surface areas were calcu-
lated by the Brunauer-Emmett-Teller (BET) method and the
porosity characteristics according to the quenched solid
density functional theory (QSDFT). The electronic structure of
the synthesized samples was characterized using the Raman
system (Renishaw invia Raman Microscope) using a 514 nm
green laser (max 20 mW) with 1% laser power, 2 accumu-
lations (extended) in the range of 150-4000 cm™' and an
exposure time of 30 s. Following the treatment by Ferrari
et al.,>® a Lorentzian lineshape was used for the D-band, and a
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Breit-Wigner-Fano (BWF) lineshape for the G-band. The
empirical Tuinstra-Koenig (T-K) relation was used to estimate
the average grain size (L,) of the carbon materials.>®

In/lg = C(4)/Lywhere I, and I; are the intensities of the D
and G bands, L, the average grain-size and C(4) a wavelength
dependent constant (taken as ~0.44 nm with 514 nm exci-
tation). Here it is assumed that the samples remain in the first
stage of the carbon amorphization trajectory.>

To measure the XPS spectra, an XPS (ESCALAB 250 Xi) hemi-
spherical analyser was operated at 20 eV pass and using Al-Ko
radiation, with an overall resolution of approximately 0.45 eV.

2.4. Electrode preparation and electrochemical
characterisation

To test the electrocatalytic activity of the N-doped catalysts
towards the ORR, the rotating disk electrode (RDE) method
was utilized. First, a suspension was made of 2 mg of the cata-
lyst in 1 ml of ethanol which contained 1 pl of aQAPS-Sy,
ionomer (Hephas Energy, China) per mg of catalyst material.
20 pl of this suspension was pipetted onto 0.2 cm > glassy
carbon disk electrodes (GC, Goodfellow Cambridge Ltd, UK)
which were pre-cleaned by polishing with 1 pm and 0.5 pm
particle size alumina slurries and then sonicated first in iso-
propanol (Stanchem) and then in Milli-Q water for residue
removal. The final loading of the catalyst on the electrodes was
thus 0.2 mg cm ™2, A Pt/C material (HISPEC 5000) was used for
comparison. In this case, the Pt loading on the electrode was
kept at 40 ug cm > and the electrode was spin-coated for better
Pt coverage on the electrode. Prior to measurements all glass-
ware used was cleaned in piranha solution and rinsed with
Milli-Q water to avoid contamination. The electrocatalytic
activity was measured in 0.1 M KOH (VWR) saturated with
oxygen (99.999%, Elme Messer AS, Estonia) in a five-neck glass
electrochemical cell. The reference electrode was a saturated
calomel electrode (SCE, SI Analytics) separated from the cell by
a Luggin capillary, and a graphite rod separated from the cell
via a glass frit was used as the counter electrode. Polarisation
curves were recorded from 0 to —1.2 V vs. the SCE using the
Gamry potentiostat 1010E (Gamry Instruments, USA) with a
sweep rate of 1.67 mV s~'. The rotation of the electrode was
controlled by OrigaTrod apparatus (OrigaLys ElectroChem SAS,
France). The rotation speeds of the electrode were as follows:
(1) 400, (2) 800, (3) 1200, (4) 1600, (5) 1900, (6) 2400 and (7)
3600 rpm. To measure the stability of the CO,-derived
materials, they were cycled for 5000 polarization cycles in O,-
saturated solution from 0 to —0.4 V vs. SCE with a sweep rate
of 200 mV s™'. After every 1000 cycles an O, polarization curve
was recorded from 0 to —1.2 V vs. SCE at a sweep rate of
1.67 mV s~'. The n value (electrons transferred per O, mole-
cule) was calculated from the K-L equation:**

c1o 1 ! (1)

a b 2/3 ’
Ja nFkeg,  0.62nFDY v 1/5w1/2ch,

1.1
jjk

where j is the measured current density, jx and jq are the
kinetic and diffusion-limited current densities, respectively, &
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is the rate constant for O, reduction, F is the Faraday constant
(96 485 C mol™"), w is the rotation rate (rad s '), Do, is the
diffusion coefficient of oxygen (1.9 x 107> ecm?® s7%),>® Cq, is the
concentration of oxygen in the bulk (1.2 x 107® mol cm™?)*?
and v is the kinematic viscosity of the solution (0.01 cm?
s™1).>* Electrochemical impedance spectra (EIS) were measured
in Ny-saturated 0.1 M KOH from 10 kHz to 10 mHz. Gamry

Echem Analyst software was used to fit the data.

3. Results and discussion

3.1. Physical characterisation of the pristine CO,-derived
carbons and N-doped materials

3.1.1. Morphology and textural properties of the pristine
CO,-derived carbons and changes taking place during
N-doping. Scanning electron microscopy images of the starting
carbons and N-doped materials were recorded to understand
the morphology of the materials created from CO, and the
effect of nitrogen doping on them. It has been found that the
Li' ions are necessary for direct solid carbon deposition at any
appreciable rate, but unfortunately the melting temperature
for pure Li,CO; is relatively high (723 °C).>>® Pure K,CO; and
Na,CO;, however, have melting points even beyond that
(891 °C and 851 °C, respectively). Li,CO; also has the highest
conductivity among the three (at 900 °C), leading to lower
ohmic losses during the electrolysis.’>® Mixtures of Li,CO; with
K,CO; have a lower melting temperature which allows us to
conduct the electrolysis and deposition of carbon from CO, at
lower temperatures,”” important for large-scale production as
the process temperature can be kept lower along with the
costs, which is why a eutectic mixture of Li,CO; and K,CO;
was chosen as the first electrolyte media studied here.
However, we also tried doping a carbon material deposited
from pure Li,COj; since the use of a pure carbonate would sim-
plify the process by needing less control over the exact concen-
tration of the electrolyte. The doping process was developed by
us in previous studies and it has been successful in doping a
variety of materials with nitrogen contents up to 5 at%.>*>°
DCDA is a highly efficient nitrogen dopant due to its small
size and C=N groups, which decompose at the pyrolysis temp-
erature and readily bond to unsaturated carbon atoms.®® The
CO,-1 material, shown in Fig. 1a-c, was very disordered, with
visible porosity and no real defined particles. This is in accord-
ance with results from CO,-derived carbon synthesis in the lit-
erature, where a low electrolysis temperature (<700 °C) is
known to create amorphous structures rather than ordered gra-
phitic ones.?® Increasing the synthesis temperature up to
770 °C and switching the electrolyte to pure Li,CO; (material
CO,-2, (Fig. 1d-f)) completely changed the morphology of the
resulting carbon. A higher synthesis temperature alleviates
mass transfer limitations in the electrolyte (the dynamic vis-
cosity of pure molten Li,CO;3 at 770 °C is 4.4 mPa s compared
to 13.8 mPa s for the eutectic Li,CO;-K,CO; mixture at
540 °C)**°! and allows for the carbon material to deposit in a
more ordered manner, creating spherical carbon particles
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Fig. 1 Undoped CO,-derived carbon materials: (a—c) CO,-1, (d—f) CO,-2.

2943

(dubbed carbon “nano-onions””™’) and graphitic carbon show the CO,-1-N material which retained its disordered
sheets.** Fig. 2 shows the SEM and TEM images of the CO,- porous structure, with some smaller graphitic regions also
derived carbon materials after doping with nitrogen. Fig. 2a—c  visible from the TEM image.
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Fig. 2 Doped CO,-derived carbon materials: (a—c) CO,-1-N, (d—f) CO,-2-N.
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Fig. 3 Pore size distributions of the undoped and doped CO,-derived
materials.

Table 1 Porosity characteristics of the CO,-derived carbon materials:
BET surface area (Sget), specific surface area (Sprr) and volume of micro-
pores (V,) calculated according to the QSDFT model, total pore volume
(Viot). BET surface area (Sger) and average pore diameter (d,)

SgeT SpEr Vp Viicro dp
Catalyst (m?g™) (m>g™) (em® g™ (em® g™ (nm)
CO,-1 451 519 0.379 0.194 1.3
CO,-2 480 545 0.434 0.204 1.6
CO,-1-N 430 520 0.413 0.186 1.6
CO,-2-N 39 26 0.049 0 3.8
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The close-up in Fig. 2b and c¢ shows an etched surface
structure, due likely to the N-doping process, in which the
CO,-derived carbon is etched and replaced with nitrogen
species on the surface. The CO,-2-N material again has a very
different structure, with both spherical carbon and carbon
nanosheets, as seen in Fig. 2d-f. Extensive etching of the
surface and graphitic domains are evident in this catalyst,
which have important effects on its electrocatalytic properties
as discussed in further sections. For understanding the poro-
sity of the structures created from CO, and what happens to
them during the N-doping process, the (BET) N, physisorp-
tion method was used; the pore size distributions are shown
in Fig. 3 and the porosity characteristics calculated using
QSDFT are given in Table 1. The CO,-1 material had a surface
area of 519 m* g~!, with most of it in micropores and a
second pore mode at 3-4 nm as visible from the PSD. During
the doping process, the surface area did not change, but
there was a small loss in microporosity, which is likely due to
the closure of some pores due to ordering taking place at the
high temperatures used for the pyrolysis process (800 °C).
CO,-2-N, again, was very different as the surface area
decreased dramatically from 545 m* g " to 26 m* g~* due to
the etching and graphitization evident from TEM and Raman
spectroscopy.

The samples were then characterised using Raman spec-
troscopy, and the results are given in Fig. 4. Fitted curves are
shown in black and the individual bands in blue. The pre-
sented spectra are focused on the region characteristic of sp*-
hybridised carbons, showing the so-called D-band, located at

(b)
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Fig. 4 (a and b) Raman spectra of the CO,-1 and CO,-2 samples, respectively. (c and d) Corresponding Raman spectra of the CO,-1-N and CO,-2-
N systems. In all cases the red curves correspond to the raw experimental data, with the black line showing the result of the fitting procedure.

Individual peaks are shown below the curves in blue.
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around 1350 cm™ ", and the G-band found close to 1600 cm™ ",
which dominate the carbon Raman spectrum under visible
excitation.

Fig. 4a and b show the experimental Raman spectra (in red)
for the CO,-1 and CO,-2 samples, respectively. The initial
Raman responses of the systems are rather similar, with a high
degree of overlap between the D and G bands, and the two
peaks having similar absolute intensity. A second important
feature is the width of the G-band, which should in principle
increase with increasing disorder. For the undoped samples
the I/l ratio was 1.1-1.2, values made apparent following
fitting by the extremely broad D-band in each case. Applying
the (T-K) relation, this would correspond to an average grain
size of around 4 nm.

For analyzing the changes taking place in the carbon
materials during doping, Raman spectra were also recorded
for the N-doped samples (Fig. 4c and d). The Raman spectra
for CO,-1-N is shown in Fig. 4c. Following the fitting, it is
apparent that there is little change in the position or width of
the G-band, with only a slight decrease in the I,/I; ratio. The
apparent change to the spectra instead emerges from a
decrease in the D bandwidth, which in effect ‘lends’ less inten-
sity to the G-band region, along with an increase in the sym-
metry of the G-band. The width of the G-band increases, along
with a moderate increase in the Ip/I; ratio. These changes
suggest that graphitization is inhibited for CO,-1-N, with the
level of disorder being similar to that of the initial sample or
even increasing. The inhibition of graphitization following
nitrogen incorporation has been documented previously.®*%

Fig. 4d shows the Raman response of the CO,-2-N system.
Here, the spectrum showed a reduction in I/Ig to around 0.8
(La ~ 5 nm), along with a reduction in widths of both bands.
The high spectral region above 2500 cm™" also shows greater
features (Fig. S1f). These changes are all consistent with a
decrease in disorder and an increase in graphitic-like regions
characteristic of the sample following high temperature treat-
ment. The nitrogen doping has not been as successful (as also
witnessed by XPS) and therefore, here, there is no inhibition of
graphitization, resulting in a more graphitized material in the
end.

3.1.2. Elemental content and surface moieties. The
elemental surface composition in doped carbon catalysts is the
most crucial factor for catalytic activity, since defects and nitro-
gen moieties are the active sites where the ORR takes place.
Therefore, XPS analysis of the N-doped catalysts was per-
formed. Fig. 5a and b show the C 1s and N 1s core level
spectra for the CO,-1-N catalyst. Overall, the carbon speciation
in the samples was consistent, with the C-N and C=N peaks
being more prominent in CO,-1-N due to the high content of
nitrogen in that sample. The surface nitrogen content for the
CO,-1-N material was 13.4 at%, which is spectacularly high
compared to most of the catalysts seen in the literature and
the highest so far achieved with DCDA-doping.?*?*°%>° This
high level of nitrogen doping is achieved due to the amor-
phous nature of the starting material and its high initial
oxygen content, which makes it very easy to dope with nitro-
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gen. This also means that the CO,-derived material has poten-
tial for other surface modification methods. Most of the nitro-
gen in CO,-1-N was in the pyridinic N form, which is known to
be one of the two most active nitrogen moieties for ORR
catalysis.’™*? For the CO,-2-N sample (Fig. 5¢ and d), the rela-
tive N content was too low for deconvolution of the N 1s core
level spectrum. Oxygen was also determined on the surface of
both the catalysts, with the contents being 4.6 at% (CO,-1-N)
and 21 at% (CO,-2-N).

3.2. Electrocatalytic activity of the CO,-derived catalysts
towards the ORR

The electrocatalytic activity of the catalyst materials made from
CO, is presented in Fig. S2f and a short summary of the most
important electrocatalytic properties of the CO,-derived
materials is provided in Table 2. From the polarization curve
series in Fig. S2a and b it is clearly visible that the N-doped
material synthesized from the K,CO;-Li,CO; melt at 540 °C is
the better catalyst for the ORR. The onset potential for oxygen
reduction on CO,-1-N was determined to be —50 mV vs. SCE,
which is extraordinarily positive for nitrogen-doped
carbon,>®%*%® proving the extraordinary structure created by
reducing CO, into carbon and the successful nitrogen doping
of this material. The half-wave potential (E;/,) determined for
the first reduction wave is —175 mV, which is also extremely
positive for a metal-free catalyst. Fig. S2c¢ and df demonstrate
the Koutecky-Levich (K-L) plots calculated from ORR polariz-
ation data and the number of electrons transferred per O,
molecule (n) is shown in the inset. The average number of elec-
trons transferred per O, molecule was around 4 in the entire
potential range of oxygen reduction on CO,-1-N, meaning that
the only product of electrocatalysis was OH. For the CO,-2-N
material, it is clear from the K-L analysis that HO,™ was pro-
duced in addition to OH™. This can have important effects on
the real utilization of these catalysts in fuel cells, as the
efficiency is lower when HO,™ is produced instead of OH™ and
it can also reduce the lifetime of the system. Table 2 shows the
most important electrocatalytic properties of these catalysts,
with the CO,-1-N material clearly leading in both onset and
half-wave potentials and also in the kinetic current (i) at 0.8
V vs. RHE and mass activity as well. The difference between
RHE and SCE was determined by calibration in the same
electrochemical cell by using a Pt wire as the working electrode
in a H,-saturated 0.1 M KOH solution (Egyg = Escg + 1.006).
Fig. 6a shows a comparison of the ORR activity of all the
CO,-derived N-doped materials as well as a blank glassy
carbon electrode and non-doped carbon. The glassy carbon
electrode itself shows very little activity towards the ORR, with
the onset potential being —367 mV vs. SCE. The undoped
carbon materials have a higher electrocatalytic activity towards
the ORR with onset potentials of 219 mV and 205 mV for CO,-
2 and CO,-1, respectively. With no nitrogen moieties in the cat-
alysts, the main pathway of the ORR on these materials is the
two-electron reduction to OH,~, with the second reduction
wave starting from around —0.7 V being very prominent
(according to either the further reduction of OH,™ into OH™ or

This journal is © The Royal Society of Chemistry 2021
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Table 2 Electrocatalytic properties of the CO,-derived catalyst materials and Pt/C

Catalyst Eonset (MV vs. SCE) E,, (mV vs. SCE) Ji at 0.8 Vvs. RHE (mA cm™?) Mass activity at 0.8 V vs. RHE (A gca( ")
CO,-1-N —50 —-175 8.0 40.1

CO,-2-N —-121 —277 1.0 5.2

Pt/C (HISPEC 5000) —-25 —164 10.6 106

a 2 + 2 electron pathway of the ORR). Clearly, better of the two
N-doped materials is CO,-1-N. As demonstrated by XPS, this
catalyst contained the most surface nitrogen, mostly in the pyr-
idinic form. This proves that nitrogen doping has a clear
impact on the ORR activity of the material, by creating new
active moieties (mostly pyridinic nitrogen) that catalyse the
ORR. As the lone pair of electrons from the pyridinic nitrogen
is donated to the n-bond system, the electron density of the
system is increased, simplifying the electron transfer to O,.
The high pyridinic N content in CO,-1-N thus has a substantial
effect on the ORR activity as seen in Fig. 6a. CO,-1-N also had
the highest specific surface area after nitrogen doping,

This journal is © The Royal Society of Chemistry 2021

another factor responsible for the high electrocatalytic activity.
CO,-2-N, which had the same surface area prior to doping, had
nearly no microporosity left after the doping process and a
very low SSA. N-doping with dicyandiamide is clearly more
effective with the low-temperature, mixed electrolyte CO,-
derived carbon material when compared to the higher-temp-
erature pure Li,COs-derived material. The reason for this
might be that while the CO,-1 material is comprised of an
extensive amorphous structure, CO,-2 had spherical carbon
phases and graphitic platelets, as seen from the SEM and TEM
images, meaning that CO,-1 has deeper pores throughout the
material, while the pores are more on the surface of the CO,-

Green Chem., 2021, 23, 4435-4445 | 4441
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Fig. 6 (a) Comparison of ORR polarization curves for all the CO,-derived undoped, N-doped materials as well as a commercial Pt/C catalyst and a

blank glassy carbon electrode. @ = 1600 rpm. (b) Corresponding Tafel plots with the linear fits used to determine the Tafel slope values.

2 material. Thus, in CO,-1, the DCDA is trapped in the amor-
phous pore structures and can dope the material more efficien-
tly. Because the nitrogen doping process etches some of the
carbon, there is a loss of surface area due to the etching of the
porous phase on the surface of CO,-2-N, significantly increas-
ing the graphitization of the carbon (visible from the Raman
spectra), which makes it very hard to dope (as witnessed by the
low N content). The low N content, in turn, means that the
activity towards the ORR is very low. Another notable effect
comes from the oxygen content: an optimum oxygen content
in carbon nanomaterials can increase the ORR activity some-
what since the oxygen species are also known to exhibit some
activity towards the ORR, however a high concentration can
lead to a decreased conductivity of the carbon material, which
is overall detrimental since the electron transport to active
sites is inhibited.

Table 3 shows the properties derived from fitting the EIS
spectra (Fig. 7a) measured for the two catalysts: R, (uncom-
pensated resistance), R. (charge transfer resistance), Cg
(double layer capacitance), and 7 (time constant of oxygen
diffusion through the ionomer layer). The equivalent circuit
used is shown in Fig. 7b. The uncompensated resistance for
the CO,-2-N material was somewhat higher, showing that the
contact resistance and resistance of the material itself were
increased in this case (all other elements in the system being
equal), the bigger effect can be seen from the charge transfer
resistance, which was much higher in the case of CO,-2-N. In

Table 3 Properties of the two CO,-based catalysts calculated by fitting
the EIS spectra

Catalyst R (Q) R (Q) Cq(F) 7(s) « x>
CO,-1-N 353 10.6 7.8x107°  0.21 0.83 60.0 x 107°
CO,2-N  38.7 38.7 2.8x107°  0.31 092 273.9x10°°

4442 | Green Chem., 2021, 23, 4435-4445

CO,-1-N, the oxygen content was at an optimal level, whereas
in CO,-2-N the O content was too high. Compared to a com-
mercial Pt/C catalyst (HISPEC 5000), the CO,-1-N material also
performed very well, with the E;,, being only 11 mV more nega-
tive and reaching 75% of the kinetic activity of the Pt/C catalyst
at 0.8 V vs. RHE, which is remarkable considering that CO,-1-
N is a metal-free ORR catalyst. A key issue when replacing Pt-
based catalysts (which is the final goal of carbon-based ORR
electrocatalysts) is reaching the activity targets while keeping
the cost and the environmental impact as low as possible.
With all other carbon precursors, from expensive MOF-derived
catalysts to cheap biomass-based materials, there is always
CO, created, not captured, during the synthesis. This is the key
problem that is solved by using CO,-derived electrolytic
carbon. We demonstrate that not only is it possible to use this
carbon as a starting material for a N-doped ORR catalyst, but
also to dope it with a very cheap and abundant nitrogen
source (DCDA) to create a very competitive catalyst material. By
exposing the exact reasons for the high activity of this CO,-
derived catalyst, this work can act as a starting point for future
research on CO,-derived ORR catalyst materials with a much
lower cost and environmental impact as the preceding gener-
ations of catalysts. Fig. 6b shows the Tafel plots derived from
the polarization curves in Fig. 6a along with linear fit lines
that were used to calculate the Tafel slopes of the presented
catalyst materials. The Tafel slope of the Pt/C catalyst was
63.6 mV dec™', which is around the average value commonly
found for Pt/C materials (60 mV dec™"). Compared to the com-
mercial Pt/C catalyst, the CO,-1-N material had a Tafel slope of
67.6 mV dec™ and the CO,-2-N material 75.4 mV dec™*. A
Tafel slope similar to that of Pt/C is commonly accepted as a
sign of the same rate-determining step and reaction mecha-
nism.®” However, as previously discussed, N-doped materials
have multiple electrocatalytically active sites, as well as com-
peting inner- and outer-sphere reactions of ORR taking place

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Nyquist plots of CO,-1-N and CO,-2-N measured at OCV from 10 kHz to 10 mHz in N,-saturated 0.1 M KOH. (b) Equivalent circuit used

for fitting the data.

at the same time, making it difficult to point to a sole ORR
mechanism. Tafel analysis, as powerful a tool as it might be,
still determines the average response of the system and cannot
differentiate between different active sites and reaction mecha-
nisms proceeding in the same system. All in all, these catalysts
present a very interesting new class of carbon materials with
very high activity towards the ORR. Since the morphology can
be easily changed by using different current protocols and elec-
trolyte (mixtures), this work presents not only a new type of cata-
lysts, but a new strategy for catalyst morphology optimization,
which can lead to important advancements in the rational
design of ORR catalysts. The most important thing to be con-
sidered, however, is the environmental advantage a CO,-derived
material has over all the other materials proposed in the litera-
ture. To date, N-doped carbon for ORR catalysis has been pro-
duced from basically everything, from expensive CVD gra-
phene® to bird feces.*® Although using waste material as the
source can reduce the carbon footprint of the catalyst enor-
mously when compared to CVD, for example, it cannot make it
negative. In comparison with other types of carbon materials
used as the precursors to catalysts, the main advantage of CO,-
derived carbon is that it captures CO, during its synthesis
instead of producing it. In addition, it has been shown in the
literature as well as in this work that the properties of the elec-
trolytic carbon are easily tuneable. This means that by coupling
it with a well-understood doping method, such as nitrogen
doping with DCDA, as in this work, the final properties of the
catalyst can be rationally designed to fit the purpose (in the
scope of this work, ORR, but we imagine that other catalytic
reactions can also be driven by CO,-derived catalysts). By using
CO, as the resource from which a high-performance ORR cata-
lyst is produced, we combine carbon capture and fuel cell
technologies to alleviate global warming with a two-pronged
strategy that directly reduces both the current CO, levels and
the future ones. The results of stability testing during 5000
polarization cycles from 0 V to —0.4 V vs. SCE (this translates to
1.0 to 0.6 V vs. RHE, as recommended by the Depatment of

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 ORR polarization curves of CO,-1-N during 5000 cycles. w =
800 rpm.

Energy) are shown in Fig. 8. The figure shows ORR polarization
curves recorded before stability testing, after 1000, 2000 and
5000 cycles. During the whole test, there was practically no
change in activity (negative E;;, shift of 1 mV), compared to
typical shifts of 8 mV or more®*”°? seen for heteroatom-doped
metal-free catalysts in 0.1 M KOH, showing the superiority of
CO,-derived carbon as a template for N-doped carbon catalysts.

4. Conclusions

A novel type of metal-free catalyst material for the ORR was
synthesised directly from CO,. The solid carbon product of
CO, electrolysis in a molten Li,CO;-K,CO; eutectic mixture or
pure Li,CO; was doped with nitrogen using dicyandiamide
and tested for electrocatalytic activity towards the ORR in 0.1
M KOH. A high current density (1.2 A cm™?) electrolysis of CO,

Green Chem., 2021, 23, 4435-4445 | 4443


https://doi.org/10.1039/d1gc00659b

Published on 26 May 2021. Downloaded by University of Cambridge on 8/31/2021 11:40:28 PM.

Paper

in a eutectic Li,CO;-K,CO; mixture at 540 °C produced a
better carbon material for further N-doping and ORR electroca-
talysis. The onset potential and half-wave potential of the
better of the two catalysts were —50 and —175 mV vs. SCE in
0.1 M KOH, respectively, owing to the extraordinarily high
nitrogen content of this catalyst (13.4 at%). In addition to the
excellent activity, the CO,-derived catalyst presented high stabi-
lity: the half-wave potential shifted only 1 mV to more negative
after 5000 cycles. Thus, we report a new concept to synthesize
ORR catalysts from CO,, connecting the fields of carbon
capture and fuel cell research.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by institutional research
funding (IUT19-28) of the Estonian Ministry of Education and
Research. This research was also supported by the EU through
the European Regional Development Fund (TK134 “Emerging
orders in quantum and nanomaterials” and TK141 “Advanced
materials and high-technology devices for energy recuperation
systems”), (projects no: 2014-2020.4.01.16-0041 and 2014-
2020.4.01.15-0005) and by the Estonian Research Councin
(ERA.NET RUS Plus grant HeDoCat and grant no: PSG312).

References

1 R. E. Smalley, in MRS Bulletin, Materials Research Society,
2005, vol. 30, pp. 412-417.

2 W. Weng, L. Tang and W. Xiao, J. Energy Chem., 2019, 28,
128-143.

3 IPCC, AR5 Climate Change 2014: Mitigation of Climate
Change, 2014.

4 F. T. Wagner, B. Lakshmanan and M. F. Mathias, J. Phys.
Chem. Lett., 2010, 1, 2204-2219.

5 D. Papageorgopoulos, Fuel Cells Program Overview, 2019.

6 M. Shao, Q. Chang, J.-P. Dodelet and R. Chenitz, Chem.
Rev., 2016, 116, 3594-3657.

7 Q. Jia, N. Ramaswamy, U. Tylus, K. Strickland, J. Li,
A. Serov, K. Artyushkova, P. Atanassov, J. Anibal,
C. Gumeci, S. C. Barton, M. T. Sougrati, F. Jaouen, B. Halevi
and S. Mukerjee, Nano Energy, 2016, 29, 65-82.

8 W. Wang, Q. Jia, S. Mukerjee and S. Chen, ACS Catal., 2019,
9,10126-10141.

9 P. G. Santori, F. D. Speck, ]J. Li, A. Zitolo, Q. Jia,
S. Mukerjee, S. Cherevko and F. Jaouen, J. Electrochem. Soc.,
2019, 166, F3311-F3320.

10 S. Ratso, M. Kiirik, M. Kook, P. Paiste, V. Kisand,
S. Vlassov, J. Leis and K. Tammeveski, ChemElectroChem,
2018, 5, 1827-1836.

4444 | Green Chem., 2021, 23, 4435-4445

View Article Online

Green Chemistry

11 S. Ratso, N. Ranjbar Sahraie, M. T. Sougrati, M. Kidrik,
M. Kook, R. Saar, P. Paiste, Q. Jia, J. Leis, S. Mukerjee,
F. Jaouen and K. Tammeveski, J. Mater. Chem. A, 2018, 6,
14663-14674.

12 K. Liivand, M. Kazemi, P. Walke, V. Mikli, M. Uibu,
D. D. Macdonald and I. Kruusenberg, ChemSusChem, 2021,
14, 1103-1111.

13 C. H. Choi, C. Baldizzone, ]J. P. Grote, A. K. Schuppert,
F. Jaouen and K. ]J. J. Mayrhofer, Angew. Chem., Int. Ed.,
2015, 54, 12753-12757.

14 D. Banham, S. Ye, K. Pei, J. I. Ozaki, T. Kishimoto and
Y. Imashiro, J. Power Sources, 2015, 285, 334-348.

15 A. Zitolo, N. Ranjbar-Sahraie, T. Mineva, J. Li, Q. Jia,
S. Stamatin, G. F. Harrington, S. M. Lyth, P. Krtil,
S. Mukerjee, E. Fonda and F. Jaouen, Nat. Commun., 2017,
8, 957.

16 R. Chenitz, U. I. Kramm, M. Lefevre, V. Glibin, G. Zhang,
S. Sun and J.-P. Dodelet, Energy Environ. Sci., 2018, 11, 365-
382.

17 C. H. Choi, H. K. Lim, M. W. Chung, G. Chon, N. Ranjbar
Sahraie, A. Altin, M. T. Sougrati, L. Stievano, H. S. Oh,
E. S. Park, F. Luo, P. Strasser, G. Drazi¢, K. ]J. J. Mayrhofer,
H. Kim and F. Jaouen, Energy Environ. Sci., 2018, 11, 3176-
3182.

18 A. Mufundirwa, G. F. Harrington, B. Smid, B. V. Cunning,
K. Sasaki and S. M. Lyth, J. Power Sources, 2018, 375, 244~
254.

19 K. Kumar, P. Gairola, M. Lions, N. Ranjbar-Sahraie,
M. Mermoux, L. Dubau, A. Zitolo, F. Jaouen and
F. Maillard, ACS Catal., 2018, 8, 11264-11276.

20 N. Daems, X. Sheng, I F. J. Vankelecom and
P. P. Pescarmona, J. Mater. Chem. A, 2014, 2, 4085-4110.

21 C. Tang and Q. Zhang, Adv. Mater., 2017, 29, 1604103.

22 L. Yang, J. Shui, L. Du, Y. Shao, J. Liu, L. Dai and Z. Hu,
Adv. Mater., 2019, 31, 1804799.

23 A. Volperts, A. Plavniece, G. Dobele, A. Zhurinsh,
I. Kruusenberg, K. Kaare, ]J. Locs, L. Tamasauskaite-
Tamasiunaite and E. Norkus, Renewable Energy, 2019, 141,
40-45.

24 K. M. Villemson, K. Kaare, R. Raudsepp, T. Kiddmbre,
K. N. Smits, P. Wang, A. V. Kuzmin, A. Sutka,
B. A. Shainyan and 1. Kruusenberg, J. Phys. Chem. C, 2019,
123, 16065-16074.

25 L. Kruusenberg, D. Ramani, S. Ratso, U. Joost, R. Saar,
P. Rauwel, A. M. Kannan and K. Tammeveski,
ChemElectroChem, 2016, 3, 1455-1465.

26 F. D. Speck, P. G. Santori, F. Jaouen and S. Cherevko,
J. Phys. Chem. C, 2019, 123, 25267-25277.

27 N. R. Sahraie, U. I. Kramm, J. Steinberg, Y. Zhang,
A. Thomas, T. Reier, J. P. Paraknowitsch and P. Strasser,
Nat. Commun., 2015, 6, 8618.

28 H.-Y. Wang, H. Yang, B. Liu and L. Dai, in Carbon-Based
Metal-Free Catalysts, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2018, vol. 1-2, pp. 251-283.

29 D. Guo, R. Shibuya, C. Akiba, S. Saji, T. Kondo and
J. Nakamura, Science, 2016, 351, 361-365.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1gc00659b

Published on 26 May 2021. Downloaded by University of Cambridge on 8/31/2021 11:40:28 PM.

Green Chemistry

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

K. Mamtani, D. Jain, D. Zemlyanov, G. Celik, J. Luthman,
G. Renkes, A. C. Co and U. S. Ozkan, ACS Catal., 2016, 6,
7249-7259.

S. Kabir, K. Artyushkova, A. Serov and P. Atanassov, ACS
Appl. Mater. Interfaces, 2018, 10, 11623-11632.

M. Ferrandon, A. J. Kropf, D. J. Myers, K. Artyushkova,
U. Kramm, P. Bogdanoff, G. Wu, C. M. Johnston and
P. Zelenay, J. Phys. Chem. C, 2012, 116, 16001-16013.

S. Ratso, 1. Kruusenberg, M. Vikkisk, U. Joost, E. Shulga,
1. Kink, T. Kallio and K. Tammeveski, Carbon, 2014, 73,
361-370.

S. Ratso, I. Kruusenberg, U. Joost, R. Saar and
K. Tammeveski, Int. J. Hydrogen Energy, 2016, 41, 22510-
22519.

A. Ferre-Vilaplana and E. Herrero, Sustainable Energy Fuels,
2019, 3, 2391-2398.

H. Niwa, K. Horiba, Y. Harada, M. Oshima, T. Ikeda,
K. Terakura, J. ichi Ozaki and S. Miyata, J. Power Sources,
2009, 187, 93-97.

V. Khanna, B. R. Bakshi and L. J. Lee, J. Ind. Ecol., 2008, 12,
394-410.

S. Arcaro, F. A. Berutti, A. K. Alves and C. P. Bergmann,
Appl. Surf. Sci., 2019, 466, 367-374.

D. Tang, H. Yin, X. Mao, W. Xiao and D. H. Wang,
Electrochim. Acta, 2013, 114, 567-573.

R. Jiang, M. Gao, X. Mao and D. Wang, Curr. Opin.
Electrochem., 2019, 17, 38-46.

X. Wang, X. Liu, G. Licht, B. Wang and S. Licht, J. CO, Util.,
2019, 34, 303-312.

B. Deng, M. Gao, R. Yu, X. Mao, R. Jiang and D. Wang,
Appl. Energy, 2019, 255, 113862.

X. Liu, J. Ren, G. Licht, X. Wang and S. Licht, Adv.
Sustainable Syst., 2019, 3, 1900056.

X. Liu, X. Wang, G. Licht and S. Licht, J. CO, Util., 2020, 36,
288-294.

A. Douglas, R. Carter, M. Li and C. L. Pint, ACS Appl. Mater.
Interfaces, 2018, 10, 19010-19018.

K. Moyer, M. Zohair, J. Eaves-Rathert, A. Douglas and
C. L. Pint, Carbon, 2020, 165, 90-99.

X. Chen, H. Zhao, J. Qu, D. Tang, Z. Zhao, H. Xie, D. Wang
and H. Yin, Green Chem., 2020, 22, 7946-7954.

J. Ren, F. F. Li, J. Lau, L. Gonzalez-Urbina and S. Licht,
Nano Lett., 2015, 15, 6142-6148.

J. Ren, J. Lau, M. Lefler and S. Licht, J. Phys. Chem. C, 2015,
119, 23342-23349.

A. Ferrari and J. Robertson, Phys. Rev. B: Condens. Matter
Mater. Phys., 2000, 61, 14095-14107.

A. C. Ferrari and ]. Robertson, Philos. Trans. R. Soc. London,
Ser. A, 2004, 362, 2477-2512.

This journal is © The Royal Society of Chemistry 2021

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69
70

71

72

View Article Online

Paper

A. J. Bard and L. R. Faulkner, Electrochemical Methods,
Wiley, New York, 2nd edn, 2001.

R. E. Davis, G. L. Horvath and C. W. Tobias, Electrochim.
Acta, 1967, 12, 287-297.

D. R. Lide, CRC Handbook of Chemistry and Physics, CRC
Press, Boca Raton, 82nd edn, 2001, vol. 131.

S. Licht, Stabilization of STEP electrolyses in lithium-free
molten carbonates, 2012.

A. Yu, G. Ma, J. Ren, P. Peng and F. Li, ChemSusChem,
2020, ¢ssc.202002060.

R. L. Olivares, C. Chen and S. Wright, J. Sol. Energy Eng.
Trans., 2012, 134, 041002.

S. Ratso, I. Kruusenberg, M. Kiirik, M. Kook, R. Saar,
M. Pirs, J. Leis and K. Tammeveski, Carbon, 2017, 113,
159-169.

I. Kruusenberg, S. Ratso, M. Vikkisk, P. Kanninen,
T. Kallio, A. M. Kannan and K. Tammeveski, J. Power
Sources, 2015, 281, 94-102.

J. Li, M. Chen, D. A. Cullen, S. Hwang, M. Wang, B. Li,
K. Liu, S. Karakalos, M. Lucero, H. Zhang, C. Lei, H. Xu,
G. E. Sterbinsky, Z. Feng, D. Su, K. L. More, G. Wang,
Z. Wang and G. Wu, Nat. Catal., 2018, 1, 935-945.

Y. Sato, T. Yamazaki, H. Kato, H. Zhu, M. Hoshi and
T. Yamamura, Netsu Bussei, 1999, 13, 162-167.

A. C. Ferrari, S. E. Rodil, J. Robertson, S. E. Rodil and
J. Robertson, Phys. Rev. B: Condens. Matter Mater. Phys.,
2003, 67, 155306.

G. Abrasonis, R. Gago, M. Vinnichenko, U. Kreissig,
A. Kolitsch and W. Moller, Phys. Rev. B: Condens. Matter
Mater. Phys., 2006, 73, 125427.

C. Hu and L. Dai, Adv. Mater., 2017, 29, 1604942.

X. Sun, P. Song, Y. Zhang, C. Liu, W. Xu and W. Xing, Sci.
Rep., 2015, 3, 2505.

K. Gao, B. Wang, L. Tao, B. V. Cunning, Z. Zhang, S. Wang,
R. S. Ruoff and L. Qu, Adv. Mater., 2019, 31, 1805121.

T. Shinagawa, A. T. Garcia-Esparza and K. Takanabe, Sci.
Rep., 2015, 5, 23955-26900.

L. Qu, Y. Liu, J. B. Baek and L. Dai, ACS Nano, 2010, 4,
1321-1326.

L. Wang, Z. Sofer and M. Pumera, ACS Nano, 2020, 14, 21-25.
H. Tao, Q. Fan, T. Ma, S. Liu, H. Gysling, ]J. Texter, F. Guo
and Z. Sun, Prog. Mater. Sci., 2020, 111, 100637.

J. Lilloja, E. Kibena-Poldsepp, A. Sarapuu, A. Kikas,
V. Kisand, M. Kairik, M. Merisalu, A. Treshchalov, J. Leis,
V. Sammelselg, Q. Wei, S. Holdcroft and K. Tammeveski,
Appl. Catal., B, 2020, 272, 119012.

T. V. Vineesh, M. P. Kumar, C. Takahashi, G. Kalita,
S. Alwarappan, D. K. Pattanayak and T. N. Narayanan, Adv.
Energy Mater., 2015, 5, 1500658.

Green Chem., 2021, 23, 4435-4445 | 4445


https://doi.org/10.1039/d1gc00659b

	Button 1: 


