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Self-templating of hierarchical porosity in carbon materials can be realized by the pyrolysis of well-
designed metal-organic precursors. While this strategy is elegant and scalable, detailed mechanistic
understanding of the self-templating process is lacking. We now report a systematic investigation of the
microstructural evolution in porous carbons, including hierarchically micro-/meso-/macroporous
materials with variable mesopore size. We focus on a homologous series of well-defined metal-organic
coordination polymers, combining the highly abundant Group 2 ions (Mg?*, Ca®*, Sr2*, Ba®") with a
common ligand. To understand the role of the metal ion in directing the morphology of the ultimate
N-doped carbons, we performed a detailed investigation using electron microscopy (HRSEM, HRTEM,
EDS), N, porosimetry, XRD, XPS and Raman spectroscopy. The rich morphological variations in the
carbons determine their activity as metal-free electrocatalysts towards the oxygen reduction reaction.
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1. Introduction

Carbon electrodes are important in many applications, including
batteries, supercapacitors, and fuel cell catalysts.' Carbon offers
enormous structural versatility, easy doping by metals and non-
metals, and potentially low price. The morphology of the carbon
is particularly important for electrocatalysis, as it governs two
parallel modes of transport to catalytic sites: electrical conduc-
tivity through graphitic domains, and mass transport of reactants
and products through a network of pores. Hierarchically
porous carbons, combining micropores (d < 2 nm) with meso-
(2 < d < 50) and macro-pores (50 < d) are promising
for exposing catalytic sites to efficient flow of reactants and
products.®™®

Rational design of complex carbon morphologies is highly
challenging, since precise structural control is typically at odds
with simplicity of synthesis. Precise carbon structures can be
obtained by multi-step, sequential syntheses involving litho-
graphy, patterning, and/or external templating.'’*® The resulting
carbons are ideal for fundamental studies in catalysis, yet the
practical applicability of the synthesis is often limited by its high
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and mass transfer, due to confinement in mesopores.

complexity and low yields. Alternatively, pyrolysis of abundant
biomass- or petroleum-based precursors is much more cost-
effective, and the vast number of organic precursors leads
to many interesting structures and useful electrocatalysts.'®"”
However, this strategy relies on serendipity, with few knobs for
controlling carbon doping, porosity and conductivity. Thus, new
synthetic strategies are needed, to expand the scope of carbon
structures without compromising precision or simplicity.

The self-templating, or endo-templating synthetic strategy
combines advantages from both approaches (Fig. 1),"*>* being
a type of hard templating, yet avoiding the addition of any
external template. Simple yet specifically designed metal-
organic coordination polymers (MOCPs) serve as both a source

Fig. 1 Self-templating synthesis of hierarchically porous carbon materials,
involving the precipitation, pyrolysis and washing of a well-defined metal—
organic precursor.

This journal is © The Royal Society of Chemistry 2020
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and a spontaneous template for the final carbon material.
During pyrolysis, the organic ligands are carbonized to yield a
carbon matrix, doped by atomic or nanoparticulate metal
sites.>*® In parallel, inorganic particles form inside the
carbon; they can then be washed away, serving as in situ
templates for meso- and macropores (depending on the degree
of agglomeration). Furthermore, the presence of the metal ions
during pyrolysis contributes to micropore etching and to carbon
exfoliation, boosting surface area and exposure of catalytic sites.>
Thus, careful design of the metal-organic precursors can expand
the scope of controlled nanostructures, and enable fundamental
studies of synthesis-structure and structure-activity correlations
in these promising electrocatalysts materials.

We now report a systematic study of the self-templating
synthesis of carbon materials, using Group 2 MOCP precursors.
Alkaline earth metal ions are highly abundant: Mg?**, Ca*",
Sr** and Ba®' are the 7th, 5th, 14th and 16th most abundant
elements in the earth’s crust, respectively.’® Importantly for
electrocatalysis research, Group 2 metal ions are electrocataly-
tically inactive, allowing them to direct structure formation
without masking the catalytic activity. Nevertheless, these
promising elements are under-represented in the field of
MOCP-derived carbons, dominated by precursors based on
Fe****, Co*', Zn?', and AI*" salts.* Only a handful of Group 2
MOCPs have been reported as carbon precursors, mostly for
Mg>*". 1972131735 gystematic studies of synthesis-structure trends
are scarce,'”?°?° and structure-activity correlations are often
limited to the observation that meso- and macropores boost
current densities, probably due to improved mass transport.

To understand in detail how the carbon microstructure
evolves during the self-templating synthesis, to explore the
expected richness of Group 2-derived precursors, and to try
and correlate structure to electrocatalytic activity, we took a
systematic approach. We prepared a homologous series of
MOCPs based on Mg**, Ca®>", sr*" and Ba®* with a single
common ligand, nitrilotriacetic acid (H;NTA). The ligand is
both cheap and flexible, providing high binding versatility to
different ion sizes.>” By combining a broad range of material
characterization techniques with oxygen reduction reaction
(ORR) electrocatalytic studies, we investigated the effect of the
metal ion on the material morphology throughout the self-
templating pathway. The carbons produced by this method
spanned the full porosity range between pure microporosity to
rich hierarchical porosity. The pore size distribution was found
to determine both ORR activity (through boosting flow) and
selectivity (through confinement of intermediates).

2. Experimental
2.1 Synthesis of metal coordination polymers (MOCPs)

We previously reported the synthesis of MgNTA and the carbon
derived from it.*" In this paper, we delve deeper into the self-
templating mechanism, and expand the synthesis to Ca>", Sr**
and Ba®*"-based coordination polymers. Briefly, metal carbonate,
metal hydroxide and nitrilotriacetic acid were mixed in water at a

This journal is © The Royal Society of Chemistry 2020

View Article Online

Materials Advances

4:1:5 molar ratio (based on metal ions and NTA units). A clear
solution was obtained and stirred for 10 min at 85 °C, then left
to cool to room temperature. To complete the precipitation,
ethanol was gradually added and the solution was ice-cooled.
The resulting white precipitate was vacuum filtered, washed with
cold ethanol, and vacuum dried at 50 °C for 2 days. The synthesis
has been repeated >3 times for each precursor, with identical
results.

2.2 Synthesis of carbons

The MOCP powders were pyrolyzed at 750 °C in Ar atmosphere
for 1 h (heating rate 10 °C min '). These inorganic/carbon
composites are denoted as MX@NC, where M = Mg, Ca, Sr, Ba,
and X is the anion(s). The inorganic phase was dissolved in
hydrochloric acid (1 M, 72 hours), and the resulting carbon
(denoted NC-M) was vacuum dried, and annealed again in Ar
(1000 °C/1 h, heating rate 5 °C min™").

2.3 Material characterizations

Powder X-ray diffraction (XRD) was recorded on a Rigaku
SmartLab instrument operating at 45 kV and 150 mA, at a
wavelength of 1.54 A. ICDD cards used for powder XRD
assignment: MgO (00-004-0829), CaCO; (01-075-6049), Ca(OH),
(00-044-1481), CaO (01-070-5490), SrCO; (00-052-1526), Sr(OH),
(00-018-1273), Sr(OH),-H,O (00-028-1222), and BaCO; (01-074-
2663). Rietveld fitting of different phases showed sufficiently
low fitting figures-of-merit (WR < 10, GOF ~ 1). High-
resolution scanning electron microscope was done on a Zeiss-
ultra+ at 4 kV and in-lens detector, on the NC-M samples prior
to the final annealing (samples after the final annealing
showed identical morphologies). Energy dispersive spectro-
scopy (EDS) was measured with a Quantax spectrometer (Bruker)
at 7 kv. High-resolution transmission electron microscopy
(HRTEM) was performed on FEI Talos 200C, at an acceleration
voltage of 200 kV. N, adsorption-desorption isotherms were
measured on a Micromeritics 3Flex instrument at 77 K, using
vacuum-dried samples. The isotherms were analyzed using the
two-parameter Brunauer-Emmett-Teller (BET) model for specific
surface area (SSA, at P/P, values of 0.01-0.15) and by non-local
density functional theory (NLDFT) isotherm fitting for pore size
distribution (using the adsorption branch of the isotherm).
Raman spectroscopy was performed on a Horiba LabRam HR
Evolution Raman microscope using 10x lens, 532 nm laser excita-
tion wavelength, and 1800 grating. First-order Raman spectra were
fitted iteratively with four Lorentzian components. X-ray photoelec-
tron spectroscopy (XPS) was collected on a PHI VersaProbe III
scanning microprobe supplied from Physical Instruments at UHV
~10" " Torr, step size 0.05 V. Peaks were calibrated using the C 1s
position (284.5 eV), and deconvluted in CasaXPS.

2.4 Electrochemical measurements

The oxygen reduction reaction voltammograms were recorded
on a BioLogic VSP bipotentiostat, combined with a Pine rotating
electrode setup. Carbon powder inks were prepared by sonicating
1 mg of carbon, 300 pL of deionized water, 180 pL ethanol and
20 pL of Nafion 5 wt% dispersion (Alfa Aesar). 10 pL of the ink

Mater. Adv., 2020, 1,20-33 | 21
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were dropcast onto a rotating ring-disk electrode (RRDE; glassy
carbon disc ¢ = 5.61 mm, Pt ring, loading 81 pg cm™?), and dried
at 50 °C. Experiments were conducted in 0.1 M KOH at 25.0 °C,
saturated by O, (for ORR measurements) or N, (for baseline
measurements) by bubbling gas for 30 minutes, then kept under
a gas blanket. Currents in N,-purged solutions were subtracted
from those in the O,-purged solutions, to account for capacitive
currents. Graphite and saturated calomel (SCE) were used as
counter and reference electrodes, respectively. Potentials were
applied using an automatic 85% iR correction. Reported poten-
tials were converted to RHE by adding 0.242 V and 0.0592 V for
every pH unit, a total of 1.011 V. Before measurement, the
electrode was wetted by 20 cycles between 0.1 V and —0.7 V vs.
SCE at 100 mV s~ . The number of electrons transferred per O,
molecule (1) was calculated by the Koutecky-Levich method from
linear sweep voltammograms performed on a rotating disk at
rotation speeds of 200-2400 rpm, as described elsewhere.>” The
yield of H,O, (%) was calculated by eqn (1), where i, is the ring
current, and ig;s is the disc current. The collection efficiency was
determined experimentally to be N = 0.35, using 4 mM of the
Ru(m)/Ru(n) hexamine couple in N,-purged 0.1 M KCl.

2 - dine /N
%H,0, = - Fing/

———x 100 1
Idisc + i:—ing/N ( )

3. Results and discussion
3.1 MX@NC composites: template formation

The Group 2 nitrilotriacetates are crystalline powders, as deter-
mined by XRD (Fig. S1, ESIt) and electron microscopy (Fig. S2,
ESIY). Their single crystal X-ray diffractograms (to be reported
separately) show well-defined crystals of metal-organic coordi-
nation polymers, sharing a common M(NTA);(H,0), composition:
MgNH(CH,COO0);(H,0);, CaNH(CH,COO);(H,0),,  SrNH(CH,-
COO0),(H,0), 5, and BaNH(CH,COO),.

Thermal treatment of the four MOCPs in argon atmosphere
(750 °C/1 h, heat rate 10 °C min~") converted them into black
powders. While MgX@NC and BaX@NC are light and fluffy,
SrX@NC is somewhat denser, and CaX@NC is a dense and hard
powder. The crystalline phases in each composite were identified
by XRD (Fig. 2) and quantified by Rietveld analysis.*®*° The
smallest (Mg”") and largest (Ba>") cations yielded only a single
phase of crystalline nanoparticles (MgO and BaCO;) during the
thermal treatment. In contrast, Ca>* and Sr** produced a mixture
of inorganic phases: CaX@NC contains CaO, Ca(OH), and CaCOj3
at roughly 20-30-50% proportions, and SIX@NC contains Sr(OH),
and SrCO; (two similar phases of each) at a 50-50% ratio.
Qualitatively, the oxide-hydroxide-carbonate sequence of binary
phases (from MgO to BaCOs) can be explained by Pearson’s hard-
soft acid-base theory. The least polarizable, Lewis-acidic Mg>*
cations (r = 86 pm) form the most stable interactions with similarly
hard base O®" anions, while large and polarizable Ba** cations
(r =149 pm) are most stable with similarly soft base CO,>~ anions.

To explain the phase composition along the oxide-hydro-
xide-carbonate sequence, we consider the possible inorganic

22 | Mater. Adv., 2020, 1, 20-33
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Fig. 2 Powder XRD of the inorganic/carbon composites following
pyrolysis (MX@NC, top black traces) and the final carbons following
washing (NC-M, bottom red traces).

reactions during pyrolysis (eqn (2)-(5)). At the pyrolysis tem-
perature of 750 °C, the oxides are expected to be more stable
than the hydroxides, and less stable than the carbonates.
However, the composition is unlikely to be under thermo-
dynamic control. First, the reducing, carbon-rich matrix may
shift the equilibria towards hydroxides and carbonates. Second,
atom diffusion is slow: only two of the phases are liquid at this
temperature (Ca(OH), mp 580 °C, Sr(OH), mp 375 °C), while all
others are solids far from their melting points (ranging 1340-
2570 °C). This will slow down diffusion in these materials,
making dynamic equilibration of the MO = M(OH), = MCO;
mixtures unlikely after only one hour at the pyrolysis tempera-
ture. Finally, the presence of Ca(OH), and Sr(OH), may also
result from rapid re-hydration of the oxides,*®*' at any time
during or after pyrolysis. Such hydroxide phases are often extended
(rather than particulate), possibly leading to loss of pore-templating
abilities. Overall, precise tuning of the pyrolysis temperatures and
times could prove a highly efficient method for tweaking the
composition of the templating phases.

Ca(OH), = CaO + H,0 Tgecomp = 520-580 °C** (2)
CaCO; = CaO0 + CO, Tecomp = 750-800 °C**  (3)
St(OH), = SrO + H,0  Tyecomp = 600-700 °C** 4)
SrCO; = SrO + CO, Tyecomp = 900-1000 °C*  (5)

The sizes, shapes, and agglomeration of the inorganic
particles was studied by HRSEM with elemental mapping by
EDS (Fig. 3a—-d) and by HRTEM at two magnifications (Fig. 3e-1
and Fig. S3, ESIt). The MgO particles in MgX@NC (Fig. 3e and
i) are identified by their crystal spacings in corroboration of
the XRD data. The MgO particles are the smallest: 6 &= 1 nm

This journal is © The Royal Society of Chemistry 2020
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(b) CaX@NC
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(c) StX@NC

(h) BaX@NC

Fig. 3 MX@NC inorganic/carbon composites, produced by pyrolysis of Group 2 MOCPs. (a—d) HRSEM with overlayed EDS map of the Group 2 element,
(e—h) and (i-1) HRTEM at two magnifications, with crystal spacings marked on representative particles.

diameter, close to the 9 & 1 nm obtained from XRD broadening
(Table 1). The match between their dimensions and the size of
the coherently scattering crystallites suggests they have very few
defects. The MgO nanoparticles are well-dispersed through the
material (EDS in Fig. 3a), and agglomerates are small and
disordered.

Well-dispersed particles are also found at the other extreme
of the alkaline-earth series, in the case of BaCO;@NC (Fig. 3d).
The spherical nanoparticles have diameters of 30 & 10 nm
(HRTEM), similarly to the size of coherently scattering domains
(26 £ 4 nm), suggesting low defect density. In contrast to the
small and disordered agglomerates of MgO, the primary BaCO;
nanoparticles aggregate into highly uniform, well-packed,
spherical agglomerates, diameter = 200 &+ 30 nm (Fig. 3h and 1).
The known tendency of BaCO; to agglomerate,** will therefore
govern their pore-templating activity.

In CaX@NC, the Ca-based particles are larger (10-100 s
of nm, Fig. 3b, f, j and Fig. S3c, d, ESI{), yet shapes and precise
dimensions of individual particles are hard to determine. XRD
broadening reveals that the coherently scattering domains are
much smaller, on average (8-15 nm for the three phases),
indicating multiple defects and/or significant agglomeration.
Similarly, the SrCO; phase in SIX@NC is extended, adopting
the acicular (elongated and branched) crystal habit, typical
for the strontianite SrCO; mineral.*® Branches are 50-90 nm
thick and 300-700 nm long (Fig. 3¢, g, k and Fig. S4, ESI}).

This journal is © The Royal Society of Chemistry 2020

Table 1 Composition and structure of the inorganic MX phases in the
MX@NC composites

Metal Inorganic Phase Crystallite size Particle size®

ion  phase fraction” (%) (XRD)? [nm]  (TEM/SEM) [nm]
Mg>* MgO 100 941 6 + 1. Aggl. 10-100 s
Ca®* CaO 21 15+2 Aggl. 100 s
Ca(OH), 31 8+1
CaCO; 48 14 £3
Sr**  Sr(OH), 55 — 100 s
SrCO; 45 —
Ba®* BaCO; 100 26 + 4 30 + 10. Aggl. 200 + 30

“ Obtained by Rietveld analysis of the XRD. ? Determined by Scherrer
analysis of the XRD broadening, average between several peaks. This
analysis could not be performed for the Sr**-based phases. ¢ Obtained
by image analysis of many particles in the HRSEM or HRTEM images.
Aggl. denotes sizes of agglomerates.

Individual SrCO; and Sr(OH), particles are hard to discern, but
are identified by their crystal plane spacings (Fig. 3k and Fig. S3f,
ESIt). This suggests that Ca-based and Sr-based particles are
all agglomerated, yet well-dispersed throughout the material
(Fig. 3b and c).

Overall, the homologous series of alkaline-earth MOCPs
yields various carbon-embedded inorganic phases, ranging
in size, shape, crystallinity, and degree of agglomeration.
These are expected to template a broad variety of pore size
distributions.

Mater. Adv., 2020, 1,20-33 | 23
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3.2 NC-M carbons: self-templating of porosity

To understand the evolution of hierarchical porosity in this series
of self-templated materials, we examine both the quantitative
(Ny-sorption derived) and qualitative (electron microscopy-
derived) pore size distributions. Adsorption-desorption isotherms
of N, at 77 K were collected for all four NC-M carbons (Fig. 4a),
and used to calculate the specific surface areas (SSAs) by the BET
model (Table 2). The pore size distributions were calculated using
NLDFT model for both the micropore and mesopore ranges
(Fig. 4b and c).

The simplest morphology is found in NC-Ca, featuring a type
I isotherm, typical for strictly microporous materials.*® Indeed,
the pore size distribution reveals no significant mesoporosity,
especially in comparison with the other carbons. Thus, no
self-templating occurred in NC-Ca, despite the presence of
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Fig. 4 (a) Adsorption—desorption isotherms on the NC-M carbons (N,

77 K); inset: the low pressure region for NC-Ca. (b and c) Pore size
distributions calculated from the isotherms by NLDFT, in the (b) micropore
and (c) mesopore regions.

Table 2 Surface areas and pore volumes of NC-M carbons?

SSA Vtota] Vmicroporc Vmcso+macroc
Carbon [m*g™"] [em® g7 [em® g7 '] [em® g7
NC-Mg 1040 2.2 0.43 1.73
NC-Ca 140 0.17 0.04 0.13
NC-Sr 740 0.87 0.30 0.57
NC-Ba 1220 2.8 0.50 2.30

“ Determined by N, adsorption at 77 K, fitted by BET model. ® Volume
of N, adsorbed at P/P, = 0.99. © Viotal — Viicropore-
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Ca-based inorganic phases in the material. Micropores in the
bulk carbon, typically formed homogeneously throughout the
volume of pyrolyzed polymers, are inaccessible; rather, only
the surface micropores of NC-Ca are accessible to N,.

Crystallites of CaNTA, the carbon precursor, are tabular and
smooth, ranging tens of micrometers in size (Fig. 5a and
Fig. S2b, S6b, ESIt). The shapes and dimensions of the macro-
scopic crystals are retained during the thermal treatment, as
the organic ligand is carbonized and the Ca-based inorganic
phases are formed (Fig. 5b). The resulting CaX@NC composite
is quite dense at all magnifications (Fig. 5b-d), with a few
0.5-2 um holes dispersed on the surface.

After washing the material in acid, the NC-Ca particles retain
the original macroscopic dimensions of the CaNTA crystals
(Fig. 5e), but are composed of a dense array of carbon nano-
particles (40-60 nm, Fig. 5f and g). All Ca-based inorganic
phases were completely removed by the acid wash (Fig. 2b,
bottom trace), including translucent films covering pore edges
(Fig. 5d and Fig. S5 (ESIt), vs. Fig. 5g). However, the carbon
matrix is nearly as dense as before the wash, with only a minor
contribution of new porosity in the 50-200 nm range (Fig. 5f, g
and Fig. S9, ESIf). These pores match in size the Ca-based
agglomerates observed in Fig. 3b, f, suggesting that the meagre
mesoporosity found in NC-Ca is self-templated.

Efficient self-templating by Ca salts strongly depends on the
pyrolysis conditions (affecting carbonate decomposition) and
on the linker. Sevilla and Fuertes were the first to show that
different calcium salts (alginate vs. citrate) can self-template
strikingly different carbons, with pore volumes ranging from
0.5 to 2.6 mL g~ ".%° In these carbons, a distinct population of
mesopores corresponded in diameter to the size of primary
CaO nanoparticles (~10 nm), indicating a low degree of
agglomeration. Moreover, their CaX@C composites contained
no CaCOgs, indicating its complete decomposition (eqn (3)), and
leading to maximum in situ activation by the released COy.
The ligand in the precursor determines the composition of the
carbon surrounding the inorganic phases during pyrolysis.
This, in turn, controls the equilibrium of inorganic phases
and the carbon, and also directs them to either stay endo-
templated or be expelled from the matrix (leaving behind an
array of carbon nano-spheres, like in NC-Ca). Overall, the
microporosity observed in NC-Ca in Fig. 4 is only available at
the surface, stressing the importance of ligand choice in the
self-templating strategy.

The next carbon examined, NC-Sr, shows N, sorption iso-
therms of the H4 type (Fig. 4a): mostly microporous with a
small hysteresis loop, suggesting a tiny fraction of larger pores.
Indeed, the pore size distribution (Fig. 4c) trails into the small
mesopore range (up to ~15 nm). Many more micropores are
accessible to N, in NC-Sr than in NC-Ca, as seen in the 7-fold
increase in Viicropore and 5-fold increase in specific surface
areas (Table 2). This may suggest that either (1) the surface
texture of the carbon matrix is radically different between
the two samples, or (2) the texture is similar, but more of
it is exposed in NC-Sr. Since the carbons are derived from the
same ligand, the first hypothesis is unlikely; see below for

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Scanning electron micrographs. (a) CaNTA crystals. (b—d) Composites of Ca-based inorganic phases and N-doped carbon (CaX@NC), as obtained
after pyrolysis. (e—g) Final N-doped carbon (NC-Ca), following washing by HCL. Arrows in (c) point to translucent films covering the carbon (see also

Fig. S5, ESI1). Additional representative micrographs in Fig. S6—-S8 (ESIT).

experimental support for this point. Higher surface exposure,
however, is possible - but it must arise from added macro-, rather
than meso-pores, since the latter are still few in NC-Sr (Fig. 4c).
To test this hypothesis, we first examine the SINTA crystals:
platy, smooth, and around ten microns across (Fig. 6a). Their
similarity to CaNTA continues with pyrolysis, as the SIX@NC
composite is also made of large, dense particles, disrupted by
rare micrometer-sized holes (Fig. 6b-d). However, the acid wash
changes the texture dramatically, making it highly open and
tortuous on the micrometer scale (Fig. 6e and f). This boost in
macroporosity can indeed expose many of the micropores in
the material, corroborating the porosimetry data. Interestingly,
the surface texture remains dense, and terraced with distinct
carbon layers (Fig. 6g). The correlation between macropore-
templating and strontianite branches is weak, but may be
supported by the only other report of a strontium salt used to
template carbon.?® There, elongated features in the ~100 nm
range are observed in the TEM micrographs, possibly due to
macropores. Overall, the large Sr-based inorganic particles in

This journal is © The Royal Society of Chemistry 2020

NC-Sr template macroporosity more than in NC-Ca, but the
extensive nature of the SrCO; and Sr(OH), phases yields large
macropores and no mesopores. Thus, they are yet unfit for the
self-templating of truly hierarchical porosity that ranges across
several orders of magnitude in diameter.

Unlike NC-Ca (microporous) and NC-Sr (micro- and macro-
porous), the next two carbons have fully hierarchical porosities,
spanning the micro-, meso- and macropore range. The MgNTA
precursor is already different, composed of large aggregates
(10 s of micrometers) of prismatic crystallites (~1 pm long and
tens of nanometers wide) (Fig. 7a and Fig. S2a, S6a, ESI}). Upon
pyrolysis, these aggregates yield composite MgX@NC, roughly
retaining the precursor aggregate dimensions. The particles are
cracked and contain many pores in the 10-100 s nm range,
typically next to spheres of the same dimensions. The spheres
range in size from <10 nm (as observed by TEM, Fig. 3e and i)
to large spherical agglomerates spanning from 10 s to 100 s of
nm (particle size distribution in Fig. S10, ESIT). The subsequent
removal of the spheres by acid washing identifies them as MgO.

Mater. Adv., 2020, 1,20-33 | 25
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Fig. 6 Scanning electron micrographs. (a) SINTA crystals. (b—d) Composites of Sr-based inorganic phases and N-doped carbon (SrX@NC), as obtained
after pyrolysis. Inset in (b) shows a lower magnification of the same particle. (e-g) Final N-doped carbon (NC-Sr), after washing by HCl. Additional

representative micrographs in Fig. S6-S8 (ESIT).

The small sizes of the MgNTA crystallites are expected to limit
the starting size of MgO spheres, thus strongly affecting meso-
pore templating.

The spherical meso- and macro-pores are perfectly retained
during the acid wash, with diameters up to 40 nm according to
N, sorption porosimetry (Fig. 4c) and electron microscopy
(Fig. 7g). It is likely that the MgO particles form and agglo-
merate inside the MOCP as it is carbonized; then they are
rejected from the carbon matrix, leaving behind a network of
meso- and macro-pores. The exsolution, agglomeration, and
sphericity of MgO particles all point to a high interfacial energy
with the carbon matrix. Indeed, the MgO surface is hydrophilic
(contact angle with water of 47°),*” unlike carbon which is
hydrophobic. The hierarchical porosity is quantified by N,
physisorption (Fig. 4), with a BET SSA of 1040 m* g ' and
significant micro- and mesoporosity (0.5-50 nm) — as observed
directly by HRSEM (Fig. 7g) and HRTEM (Fig. S9a, ESIt).

Several magnesium salts were reported as precursors in the
self-templating design of carbons, since the seminal work of

26 | Mater. Adv., 2020, 1,20-33

Morishita, Inagaki et al. in 2006."**®* The size, crystallinity

and degree of agglomeration of MgO nanoparticles, forming
during pyrolysis of magnesium salts, depends on the organic
ligand, and lead to pore templating.'®*'**>*8°° However, the
effect of crystallite size in the metal-organic precursor has not
been reported previously, and the exsolution of MgO templates
was never directly observed. Overall, magnesium-based self-
templating is excellent for hierarchical porosity, since the MgO
spheres span a broad distribution of sizes, and easily leave
behind a stable network of pores.

Similarly to MgNTA, the BaNTA MOCP yields a carbon with
fully hierarchical porosity. The pathway, however, is quite
different. The original BaNTA crystals are tabular and tens of
microns large, like those of CaNTA and SrNTA (Fig. 8a and Fig.
S2d, ESIt). Unlike them, however, BaNTA crystals are not
smooth but rather cracked in a regular pattern (periodicity
200-400 nm, Fig. 8a inset and Fig. S6d, ESIt). After pyrolysis,
the large BaX@NC particles are composed of uniformly
sized granules (Fig. 8b-d). These granules are ~200 nm in size

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Scanning electron micrographs. (a) MgNTA crystals. (b—d) Composites of Mg-based inorganic phases and N-doped carbon (MgX@NC),
as obtained after pyrolysis. (e—g) Final N-doped carbon (NC-Mg), after washing by HCl. Additional representative micrographs in Fig. S6-S8 (ESI+).

(Fig. 3h, Fig. 8¢, d, Fig. S7d (ESIt), Table 1), similarly to the
frequency of cracks in the BaNTA crystal. This suggests that the
cracks in the crystal serve as highly useful ‘cutting lines’, along
which the crystallites separate during pyrolysis.

After the acid wash, the particle retains its overall shape,
yet becomes highly porous, showing a homogeneous array of
similarly sized macropores (~80-150 nm, Fig. 8g and Fig. S8d,
S9g, ESIt). The sizes of these pores correspond nicely to the size
of granules in BaX@NC; the pores are slightly smaller, probably
due to shrinking during pyrolysis. This size correlation suggests
that the granules are carbon-encapsulated BaCOj;. Their irregular
shapes indicate they are polycrystalline agglomerates of primary
BaCO; crystallites. Indeed, Scherrer analysis determines that
the size of coherently scattering BaCO; crystals as 26 + 4 nm
(Table 1), much smaller than granule diameters.

The pore size distribution in NC-Ba, calculated from N,
sorption, reveals a distribution of small mesopores (>2 nm),
and two peaks at 25 and 40 nm (Fig. 4c); larger pore diameters
cannot be detected by N, sorption. The 25 nm mesopores perfectly
match the size of individual BaCO; nanoparticles (Table 1),

This journal is © The Royal Society of Chemistry 2020

indicating some of them are non-agglomerated. Overall, the
particle size distribution of the BaCO; agglomerates is narrow,
similarly to the reported pyrolysis of barium citrate, where it
centred on 15 nm.** This narrow distribution indicates a fine
balance between the interface energies at both the BaCO;|BaCOs
and BaCOj;|carbon interfaces. Such a balance provides an oppor-
tunity for tailoring the self-templating of porosity in this material.
This further suggests that BaCO; particles can be used as excellent
external additives for hard templating of large mesopores, beyond
the self-templating strategy, the way that MgO additives are used
for introducing small mesopores into carbons.”**

Overall, this homologous series of carbons covers the full
range of pore modalities. Starting from a microporous carbon
with only surface micropores (NC-Ca), to a cracked macroporous
carbon exposing some bulk micropores (NC-Sr), and finally
to fully hierarchical micro-meso-macro-porosities in NC-Mg and
NC-Ba, differing in mesopore size (~20-40 nm and ~ 80-150 nm,
respectively). An interesting control experiment would be a
non-templated carbon derived from pure, non-complexing NTA.
However, nitrilotriacetic acid is volatile and does not carbonize.

Mater. Adv., 2020, 1,20-33 | 27
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Fig. 8 Scanning electron micrographs. (@) BaNTA crystals. (b—d) Composites of Ba-based inorganic phases and N-doped carbon (BaX@NC), as obtained
after pyrolysis. (e—g) Final N-doped carbon (NC-Ba), after washing by HCl. Additional representative micrographs in Fig. S6-S8 (ESI¥).

This structural richness is expected to be crucial for electro-
catalytic activity, as the optimal balance between void network
and carbon network is sought. First, the variance in the exposure
of bulk micropores will affect the availability of catalytic sites, as
well as the flow rates for the replenishment of reactant (O,) and
the removal of products (OH ™) and intermediates (HO, ). Second,
excessive porosity may lead to undesirably thick catalyst layers, to
provide enough catalytic sites within the catalyst volume.

Importantly for the understanding of self-templating
mechanisms, we hypothesize that such well-dispersed meso-
porosity as in NC-Mg and NC-Ba depends critically on the small
size of the crystallites in the MOCP precursors. The sub-micronic
dimensions of the MgNTA prismatic crystallites, and of the
homogeneous cracks in BaNTA crystals, limit the sizes of inor-
ganic particles as they nucleate during pyrolysis. This opens new
avenues in porosity design, suggesting that the fine-tuning of
MOCEP crystallization conditions can control the self-templating
behaviour during pyrolysis.

Since the N-doped carbons were all derived from a similar
M(NTA); precursor composition, we hypothesized earlier that

28 | Mater. Adv., 2020, 1, 20-33

the carbon composition will be constant along the series.
To test this hypothesis, we studied the NC-M carbons by Raman
spectroscopy (Fig. 9), inductively coupled plasma mass spectro-
scopy (ICP-MS), XPS (Fig. 10), and HRTEM (Fig. S9, ESI{). The
deconvoluted Raman spectrum for NC-Mg, shows both high
frequency E,, in-plane stretching of sp> carbons, typical to
graphitic regions (G), and lower frequency A, vibrations,
activated near carbon defects (D).”* Other peaks (D", I) were also
fitted according to accepted assignments.**>* The intensity ratio
between the D and G bands (Ip/lg) expresses the degree of
graphitization of the carbon, which, in turn, correlates to its
conductivity. While this correlation is imperfect — especially in
N-doped carbons where dopants introduced defects - it remains
the method of choice in the powder carbon literature,”® since
contact measurements (e.g. 4-point-probe) mostly assess inter-,
rather than intra-particle conductivity. The Raman spectra of all
four NC-M carbons are indeed very similar, and the I'p/I ratios are
within a narrow range (1.13-1.29, Fig. 9 and Fig. S11, ESIt). In the
context of electrocatalysis, the similar graphitization suggests that
the carbons will have similar electronic conductivity.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Deconvoluted Raman spectra of the NC-M carbons.

Transmission electron micrographs of NC-M carbons show
similar graphitic regions, ~3-10 layer thick (Fig. S9, ESIt). For
NC-Mg and NC-Ba, these graphitic layers form shells around
the inorganic particles. Such mild graphitization catalysis has
been reported for Mg0,>*> but this is the first report of a
Ba-based inorganic phase that can catalyse mild graphitization
during pyrolysis. Mild graphitization is important for avoiding
the uncontrolled growth of carbon nanotubes or large graphite
blocks, as many electronic and electrochemical applications
seek low dimensional carbon materials.>®~>®

The NC-M carbons have a high nitrogen content (4.5-7.7 wt%),
and very low trace metal content after the acid wash (0.04-0.21 wt%),
as determined by ICP-MS (Table 3). The distribution of binding
states of surface nitrogen and carbon atoms was further analysed by
XPS in the N 1s and C 1s regions (Fig. 10). Several nitrogen types
contribute to the N 1s spectrum, deconvoluted into pyridinic (Ny,),
pyrrolic/pyrimidonic (Np,), graphitic (Ng), and oxidized (No)
nitrogens.” Their relative proportions vary between the four
carbons, but the fraction of pyridinic nitrogen, an important
contributor to ORR activity,” is overall quite constant (1.1-1.7 wt%,)
and sufficient for effective ORR electrocatalysis.">*' %

The similarities in carbon composition along the series, in
contrast to the far-swinging differences in porosity, suggest that
the ORR activity of these catalysts will depend chiefly on their
microstructure. To investigate this dependence, we studied the

(a)

N1s

NC-Ba
MG

NCS

oo

a
i .lm “'V
NC-M
\‘!\M Nox

T T T T T T T T T T
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Fig. 10 High resolution XPS spectra of the NC-M carbons in the (a) N 1s,

and (b) C 1s regions. Intensities matched, by <30%. Deconvolution

envelopes displayed in grey.
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Table 3 Composition of the final NC-M carbons

Sample Ip/lc N wt% M% wt% N,°, % N’ % Ng’ % N’ %
NC-Mg 1.29 5.8 0.13 27 14 47 12
NC-Ca 1.22 7.7 0.21 22 30 35 12
NC-Sr 1.13 5.6 0.09 27 19 36 18
NC-Ba 1.24 4.5 0.04 24 24 33 18

“ Elemental analysis by ICP-MS, in duplicate. ? At%, by deconvolution

of the N 1s XPS.

activity of NC-M carbons towards the ORR, using a rotating
ring-disc electrode in an O,y)-saturated 0.1 M KOH electrolyte.
All carbons demonstrated cathodic currents on the disc under
mass-transport controlled conditions (1600 rpm, Fig. 11b), yet
differed in their H,O, yields (measured on the ring, Eting=1.3V
vs. RHE, Fig. 11a and c). The half-wave potentials and limiting
current densities testify to good ORR performance, and are
sufficient for studying how morphology affects ORR activity and
selectivity. NC-Mg was the most active electrocatalyst of the
four. It showed the earliest onset for ORR, 0.93 V vs. RHE
(defined as 1% of the limiting current at 0.35 V, after correction
for capacitive currents), the highest limiting current density
(41 mA ecm™> at 0.31 V), and the lowest rates of peroxide
formation. NC-Ca performed worst, with the most negative
onset (0.75 V), lowest limiting current density (2.3 mA ¢cm >
at 0.31 V) and most peroxide formed. NC-Sr activity was inter-
mediate between the two, and NC-Ba is almost as active as
NC-Mg in limiting current at potential 0.4 V, but more negative
onset potential (0.83 V) and higher rates of peroxide formation.
Koutecky-Levich analysis of the four materials under mass-
transfer-controlled conditions (E = 0.7 V vs. RHE) shows that
NC-Mg and NC-Ba have similar electron transfer numbers
(3.85 and 4.15, both near 4 with some experimental errors,
Table S1 and Fig. S13, ESIt). The values on NC-Sr and NC-Ca are
lower (3.56 and 2.78), in line with their higher peroxide yields.

In N-doped carbons, the nitrogen dopants typically contri-
bute most of the ORR activity, well ahead of the catalytic activity
of carbon defect sites.®®®* Thus, the ORR current densities
catalyzed by the carbons depend on the number of exposed
nitrogens. To estimate this value, we can multiply the surface N
content by the BET SSA. The number of exposed N atoms,
although a rough estimate, is in perfect linear correlation with
the ORR activity, as measured by the limiting current density at
E = —0.6 Vvs. RHE and rotation rate 1600 rpm (Fig. 11, inset).
This correlation is weaker when ORR activity is compared solely
to SSA or to N content (Fig. S12, ESIT). This indicates that the N
atoms are indeed responsible for ORR activity; that they are
highly similar across the series; and that the chief parameter at
play is the degree of N-site exposure. This further stresses the
importance of the pore structure in determining activity. Even
the different onset potentials for ORR (ranging in 150 mV
between NC-Mg and NC-Ca), often signifying inherently different
catalysis mechanisms, could be explained by flow-enhancing
porosity (see below).

Alkaline ORR on N-doped carbons begins with a 2e™ electro-
reduction yielding a peroxide intermediate (eqn (6)). The peroxide

Mater. Adv., 2020, 1,20-33 | 29
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Fig. 11 Linear scan RRDE voltammograms of O,-saturated 0.1 M KOH at
25 °C, scan rate at 10 mV s~2, rotated at 1600 rpm, corrected for capacitive
current as measured in a N,-purged solution. (a) Ring current, corrected
by the collection factor. (b) Disc current. Inset: Limiting disc current
(=0.6 V vs. RHE) vs. number of N atoms per specific surface area of the
carbon (see text). (c) Calculated percent of produced H,O,.

can either (1) escape, (2) be reduced further by another 2e™
(eqn (7)), or (3) be disproportionated (eqn (8)). Interestingly,
the carbons’ microstructure has a striking effect on the ORR
selectivity (2e~ vs. 4e”), as gauged by their different peroxide
yields. On each of the NC-M carbons, the disc and ring reac-
tions start at the same onset potential, suggesting they begin
producing the HO, intermediate simultaneously with O,
reduction (Fig. 11b). However, peroxide yields on NC-Mg are
lower throughout the potential range, and especially at low
current densities (potential range from —0.85 to —0.6 V vs.
RHE, Fig. 11c). On the other carbons, the peroxide yields rise
fast and reach higher plateaus.

O, +2e” + H,O = HO, + OH™ (6)
HO,™ +2e¢ +H,0 = 30H" (7)
HO,  — 1/20, + OH~ (8)

30 | Mater. Adv., 2020, 1, 20-33
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Fig. 12 Proposed mechanism for the observed ORR selectivity differences,
based on competition between kinetics and mass transfer. The peroxide
(HO,") intermediate can either escape (from large pores) or be reduced/
disproportionated (if confined in small pores).

We propose that the differences in ORR selectivity stem from
a competition between the kinetics and mass transfer of per-
oxide intermediates in the mesopores (as described schemati-
cally in Fig. 12). First, O, diffuses into the carbon, and is
reduced to HO, by a 2e” process. The fate of the peroxide
intermediate depends on its confinement: if it is in a large pore
or near the particle surface, it will diffuse away, to be detected
on the ring electrode. But if it is trapped within a smaller pore,
it can be reduced by two more electrons (yielding an overall 4e™
reduction), and/or be disproportionated. If the 2e™ reduction
(eqn (6)) and disproportionation (eqn (8)) occur repeatedly, the
apparent number of electrons in the overall reduction will
asymptotically approach 4e~. Similar confinement effects were
invoked to explain why the apparent 4e~/2e” selectivity in ORR
rises with the thickness of the catalytic layer.®® Thicker layers
may confine the peroxide intermediate in the inter-particle
space, allowing it to complete its reactions.

The pore-confinement mechanism can explain how mor-
phology governs ORR activity across the series (Fig. 13). In
strictly microporous NC-Ca, where bulk porosity is inaccessible,
the ORR occurs on the outer surface of catalytic particles. This
leads to low ORR currents on the disc, and to high yield of the
peroxide ion on the ring - since the peroxide is not confined to

HO,

Fig. 13 Proposed mechanism for the observed structure—activity corre-
lations in the NC-M carbons: hierarchical porosity enables better O,
delivery into the particles, while confinement of peroxide in mesopores
allows it to react more completely.

This journal is © The Royal Society of Chemistry 2020
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internal pores and escapes after a mere 2e” reduction. On
NC-Sr, higher disc currents and an earlier onset correspond to
the addition of macroporosity, which exposes many more
micropores. However, there is still no confinement effect, and
many peroxide intermediates can diffuse away. The highest
ORR currents are observed on NC-Ba and NC-Mg, since their
hierarchical macro-/meso-/microporosity allows the fastest
mass transport of O, into the pores even at high current
densities. However, mesopore diameters in NC-Mg are smaller
than in NC-Ba (~20-40 nm vs. ~80-150 nm, respectively). The
smaller mesopores of NC-Mg confine the HO,  intermediates,
leading to apparent 4e” reduction, be it by the (2e” + 2e7)
or the (2e” + disproportionation) mechanism. In NC-Ba, in
contrast, the mesopore diameters are 3-5 times larger than in
NC-Mg, leading to easier escape of the peroxide intermediate.
Diffusion of the final product, OHq) , is less dependent of
pore structure, as it is highly abundant in the electrolyte.
Overall, the rate of diffusion of O, into the pores, enabled by
the hierarchical porosity, leads to high current densities on the
disc. Simultaneously, the apparent 4e /2e” selectivity ratio
depends on the pore confinement of peroxide intermediates
(as described schematically in Fig. 12). Such confinement
effects on ORR selectivity were previously considered to explain
why a mesoporous g-C;N,/carbon composite is more selective
towards 4e” reduction than a macroporous one.’® Recently,
confinement in carbon pores was shown to direct the selectivity
of CO, reduction, with an optimal pore size of 27 nm.%” Even
though mass transport of CO, and its reduction products
are different than those in the ORR, this value is close to the
~20-40 nm pore diameters in best-performing NC-Mg.

4. Conclusions

We have studied the self-templating synthesis of porous
N-doped carbon materials starting from the nitrilotriacetates
of four abundant Group 2 metal ions. By following them from
the crystalline precursor M-NTA, through the inorganic/carbon
composite MX@NC, and to the ultimate carbon NC-M, we
could identify the unique role of the metal in creating the
carbon morphology. Across the series, a variety of carbon-
embedded inorganic particles spontaneously formed during
pyrolysis, ranging from oxides (MgO, CaO) for the harder cations,
to carbonate (SrCO;, BaCO;) for the softer cations, with hydroxide
intermediates or re-hydration products. The inorganic particles
varied greatly in size, crystallinity, shape, and degree of agglo-
meration. Clear links were established between the particle
dimensions and spatial arrangement, and the pore structures of
the ultimate carbon. The Ca-based precursor yielded a micro-
porous carbon with barely any meso- or macroporosity, and thus
low availability of catalytic sites and small ORR current densities.
The Sr-based carbon was cracked and macroporous, improving
the influx of O, but not yet attaining fully hierarchical porosity.
Mg- and Ba-based carbons showed fully hierarchical micro-/
meso-/macroporosity, with their mid-size mesopores varying in
diameter by a factor of 3-5. This difference leads to variations in

This journal is © The Royal Society of Chemistry 2020
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the ORR selectivity towards the 2e™ or the (apparent) 4e~ pathway,
probably due to pore-confinement of the peroxide intermediate in
the smaller mesopores of NC-Mg, leading to higher electron
transfer numbers.

Overall, a thorough description of the self-templating
process sets an excellent starting point for further development
of self-templated carbons, the use of Group 2 inorganic parti-
cles as hard templates, and the study of structure-activity
correlations in this important class of electrocatalysts.
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