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Pore structure is a critical material property of carbon materials, determining their surface area, active site
accessibility, wettability, and efficiency of bubble removal. In the self-templating approach to pore design,
inorganic particles form inside a carbon during pyrolysis, templating meso- and macropores. This strategy is
simple and economic, yet limited by choice of templating elements and by incomplete understanding of
carbon-template interactions. We followed the self-templating process of eight lanthanoid coordination
compounds (the iminodiacetates of La®*, Nd**, Sm**, Eu®*, Gd®*, Tb*", Er**, and Yb®*), shedding light on the
pore structure and the processes that form it. The resulting carbons showed high BET specific surface areas
(up to 2700 m? g3, hierarchical micro-, meso- and macro-porosity, and lanthanoid-imprinted nitrogen

Received 27th May 2022, moieties that could be transmetalated to yield atomically dispersed Fe—N, sites. Some of the resulting

Accepted 21st August 2022 Fe—N—C materials showed excellent activity towards hydrazine oxidation electrocatalysis, helping to identify
several key links between porosity and electrocatalysis, especially the removal of electrode-blocking N»(g) bub-

bles. Overall, this detailed investigation expands the toolbox of rational design methods towards rich and useful

DOI: 10.1039/d2ma00596d

Open Access Article. Published on 23 August 2022. Downloaded on 2/25/2026 10:24:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances electrocatalyst porosities.

Introduction

Carbon materials are key players in energy conversion and
storage, environmental remediation, and catalysis.l'4 Carbons
can store heat® and fuels,® harvest sunlight”® and water,® and
are key in electrochemical devices such as supercapacitors,'®™>
batteries,"*™"* and fuel cells."®™"® Carbons offer high specific
surface areas, electronic conductivity, low cost, and low density.
Their seemingly infinite structural tuneability is particularly
important in electrocatalysis, where high power applications
call for high volumetric surface area, a flow-enabling pore
network, graphitic domains for electronic conductivity, and
fine-tuned pore sizes for directing reaction selectivity through
intermediate confinement."*° Thus, the structural design of
carbons is a central challenge in electrocatalysis research.
Highly precise carbon structures can be designed by ingenious
multi-stage syntheses,* > yet complex methodologies often lead
to low yields. At the other extreme, the pyrolysis of abundant
biomass wastes is a popular route to useful carbons, but with little
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control over structure or composition.***” A promising golden path
is the method of self-templating (Fig. 1). In this approach, pyrolysis
of well-defined metal-organic coordination compounds - ideally
composed of earth-abundant elements - yields carbon matrices
with embedded inorganic particles of precise dimensions and
compositions. Subsequent acid leaching of the templating particles
produces hierarchically porous carbons. The self-templating
method was pioneered by Inagaki et al for magnesium com-
pounds, and was explored for other alkaline earth metals.**?%*°

Ln»*‘>-b 1& ,

NH(CH,COOH),

I 48 4G
BE R B
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Fig. 1 Simultaneous self-templating of pores and imprinting of active
sites, to yield hierarchically porous Fe—N—C electrocatalysts: (1) precipita-
tion of a lanthanoid salt, (2) pyrolysis at 800 °C, (3) acid leaching, (4) boiling
with an iron salt solution. The bottom row shows a possible structure of an
imprinted active site.
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Surprisingly, few elements are known to be self-templating in
carbons: the alkaline earths,>?**> a handful of post-transition
metals,’®"” lanthanum,*®*® and several transition metals (which
are often catalytic, thus convoluting structural and catalytic
effects).>*>* To expand the utility of the self-templating pore design
strategy, the range of templating elements must be extended, and
the templating process must be better understood.

The self-templating strategy can be enhanced even further
with the simultaneous imprinting of catalytic sites, following
the Fellinger method (Fig. 1).”>® Metal-nonmetal moieties
that form during pyrolysis (e.g. Zn*>*-N, or Mg”>*-N,), can be
transmetalated by catalytic elements such as Fe*". The resulting
materials belong to the highly important class of atomically-
dispersed Fe-N-C electrocatalysts, which show great promise in
the oxygen,>>*°"®* nitrogen,’”**"®® and carbon cycles.®>”° This
method is particularly useful for avoiding the formation of
surface-blocking FeX particles during pyrolysis with iron
precursors.’® The resulting Fe-N-C are particularly active in
the hydrazine oxidation reaction (HzOR, N,H, + 4OH™ — N, +
4H,0), an important reaction for alkaline fuel cells. Hydrazine
hydrate (N,H,-H,0) is a promising alternative fuel: it is easily
liquifiable, energy-dense, and thus a promising alternative to
H, in alkaline fuel cells.*>”'””® Fast HzOR requires active
catalytic sites and fast mass transfer, but also efficient removal
of electrode-blocking N,(g) bubbles.”””®

We now report the coordination compounds of eight lantha-
noids (La, Nd, Sm, Eu, Gd, Tb, Er, Yb) as excellent and highly
diverse precursors for the simultaneous self-templating and metal-
imprinting of hierarchically porous carbons. The lanthanoids -
historically part of the ‘rare earth metals’ - are more common in
the earth’s crust than many well-known elements (Fig. S1, ESI}).”
The lanthanoid-templated carbons were found to exhibit diverse
and rich porous structures, created by a range of growth pathways
during pyrolysis of the inorganic-carbon composite. Moreover,
post-pyrolytic transmetalation of the lanthanoid-nitrogen moieties
with Fe®" yielded excellent electrocatalysts for hydrazine oxidation.
The rich, fully hierarchical micro-, meso-, macro-porosity resulted
in fast mass transfer during electrocatalysis, and the efficient
removal of electrode-blocking N, bubbles.

Results and discussion

Hierarchical porosity templating with lanthanoid inorganic
phases

Eight lanthanoid metal ions (Ln*") were precipitated with the
same bidentate ligand, iminodiacetic acid (NH(CH,COOH),,
IDA), from aqueous solutions of LnCl; and IDA (molar ratio
1:3). After drying, washing and grinding, the structures of the
resulting compounds were solved by single crystal X-ray diffrac-
tion (to be reported in a separate study), yielding the composi-
tions of La(IDA);, Nd,(IDA);(H,0),4, Sm,(IDA);(H,0),4, Euy(IDA);
(H20),, Gd,(IDA)3(H,0),, Tb(IDA)(H,O), Er(IDA)(H,0),, and
Yb(IDA);. Some of the structures contained additional weakly
bound chlorides and water. The Ln-IDA salts were imaged by
scanning electron microscopy (SEM, Fig. S2, ESIf), revealing

7938 | Mater. Adv, 2022, 3, 7937-7945

View Article Online

Materials Advances

o
Tb o A
Gd |
° o
Eu ‘l A L ]
oc 9F
Sm oc oc  OC
oc oc §
Nd o 9 oc oc oc
ocC oc
La [ oc oc
L e B S L | 1
20 30 40 50 60 70

20

Fig. 2 X-Ray diffractograms of the heat-treated carbon—-inorganic com-
posites (smoothed). The peaks are assigned to Ln,Oz oxides, marked o
(JCPDS: La 05-0602, Nd 43-1023, Eu 83-7117, Tb 76-0156, Er 08-8239, Yb
41-1106) and to Ln,O,CO3z oxycarbonates, marked oc (JCPDS: La
37-0804, Nd 37-0806, Sm 37-0807). Visual peak matching in Fig. S4 (ESI¥).

layered macroscopic particles. Upon heat treatment of the metal-
organic coordination compounds in argon at 800 °C, a variety of
carbon-inorganic composites formed (dubbed LnX@NC).
According to powder X-ray diffraction (XRD, Fig. 2), the materi-
als contain either inorganic oxides (Eu, Tb, Er, Yb), oxycarbo-
nates (Sm), both (La, Nd) or amorphous phases (Gd).

The inorganic phases nucleate, crystallize and grow inside
the carbon during the heat treatment. According to the thermo-
gravimetric and calorimetric analysis, the last phase transfor-
mation occurs at roughly the same temperature for all
materials (350-420 °C, Fig. S3, ESIT). Importantly, these inor-
ganic phases can serve as templates for internal porosity only if
they remain inside the carbon: if they are exsolved too early in
the carbonization process, the templated voids collapse.>* The
tendency for exsolution and carbon coating is determined by
interplay between (1) the hydrophobicity of the inorganic
phase, and (2) the crystallization energy, activation energy,
and habit, which could favour the formation of compact
particles. Such is the behaviour of GAX@NC and ErX@NC
(as seen by scanning electron microscopy, SEM, Fig. 3a and
b): the inorganic phases are exsolved from the carbon to form a
skin-like layer at its surface. The GdX and ErX phases are also
the most amorphous in the series (Fig. 2). Similarly, in
LaX@NC, the inorganic phases (La,O; and La,0,CO;) are
limited to the carbon surface (Fig. 3c), despite being crystalline.
Thus, these three lanthanoids (La, Gd, Er) are unlikely candi-
dates for self-templating of internal porosity.

Some exsolved phases, such as Nd,03, Nd,0,CO3, Tb,05 and
Yb,0; show up as well-defined crystalline platelets at the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a—h) SEM micrographs of three types of LnX@NC composites (exsolved/embedded coating/particles), pyrolyzed at 800 °C. Scalebars are 1 pm.

(i) Contact angle of ethylene glycol on Ln,Os surfaces, as reported by Varanasi et al.8% and used here as a proxy for LnX hydrophobicity.

surface of their respective carbons (Fig. 3d-f). Such particles are
more promising as templates for tuneable porosity than skin-
like oxides because some particles may remain inside the
carbon. Even more promising are Eu,0; and Sm,0,CO3;, which
form as rounded particles, and are well-dispersed inside the
carbon matrix (Fig. 3g, h, and Fig. S4, ESIf). In fact, the pore
templating is directly seen in the micrographs: many inorganic
particles appear alongside the pores from which they fell out.
The degree of exsolution may vary slightly in different locations
of the specimen, due to slight variations in the temperature
experienced by that portion of the sample, but the micrographs
presented here are the most representative.

To understand the three regimes of carbon|template inter-
actions, highlighted in Fig. 3, we compared the hydrophobicity
of lanthanoid oxides, reported in a systematic study by Varanasi
et al.®® Specifically, we plotted the wetting angle of ethylene
glycol on Ln,O; materials, which is a useful proxy for the
hydrophobicity of the LnX phases in this study. The most
hydrophobic phases will tend to maximize their carbon inter-
face area; indeed these are the phases that are exsolved to the
surface and coat it (GdX, ErX, La,0;). The least hydrophobic
phases will tend to minimize their interactions with the carbon,
also leading to exsolution, and to ‘curling up’ into particles -
these are the phases that form exsolved particles (Nd,Os,
Nd,0,C0O3, Tb,0; and Yb,0;). Intermediate hydrophobicity,
as in Eu,03 and Sm,0,CO;3, corresponds to the carbon|tem-
plate interactions that favour the formation of embedded
particles, which are optimal for pore templating. While crystal-
lization thermodynamics and kinetics play a role in particle

© 2022 The Author(s). Published by the Royal Society of Chemistry

formation, self-templating proceeds mostly under kinetic con-
trol, impeding quantification of this aspect. Nevertheless, the
hydrophobicity of the LnX phase is shown here to be a good
indicator for carbon|template interactions during pyrolysis,
and their effect on the ultimate porosity.

To follow the progress of exsolution along the pyrolysis, we
selected two materials with partially embedded particles,
YbX@NC and SmX®@NC, different in composition and struc-
ture: Yb,O; is a cubic oxide, while Sm,0,CO; is a hexagonal
oxycarbonate. The YbIDA and SmIDA salts were pyrolyzed at
temperatures between 700-1000 °C, and followed by ex situ
HRSEM (Fig. 4). At 700 °C, the inorganic particles are small
(30-90 nm) and embedded in the carbon. The particles have
roughly the same sizes in both materials, throughout the

(a) YoX@NC

(b) SmX@NC

1000 °C

Fig. 4 Following the progress of exsolution during pyrolysis of
(@) SmX@NC, and (b) YoX@NC by HRSEM, along pyrolysis temperatures
of 700-1000 °C. Scalebars are 100 nm.

Mater. Adv., 2022, 3, 7937-7945 | 7939
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temperature range, indicating the central role of the carbon
matrix in confining particle growth. At 800 °C, the particles
begin falling out, leaving visible voids with sizes matching the
template size. This is also the temperature where faceting
starts, stressing the link between crystallization and exsolution.
At 900 °C the voids begin to fill up, probably with amorphous
pyrolysis product, while particle crystallization continues.
Finally, at 1000 °C the inorganic phases reach their maximum
size (150-250 nm) and are fully exsolved in the observed area of
the carbon. In other areas of SmMX@NC, however, many parti-
cles remain inside the carbon, as in Fig. 3 and Fig. S3 (ESIT).
Thus, the temperature range of 800-900 °C is optimal for
forming well-defined, easily removable templating particles.
The pore templating was then completed by leaching out the
inorganic particles by HCI 1 M for all eight LnX@NC materials.
The porosity of the resulting carbons (dubbed NC,) was
quantified by N, sorption porosimetry (Fig. 5). Complete leach-
ing was confirmed by the disappearance of oxide and oxycar-
bonate peaks in the XRD (Fig. S6, ESIf), and by the trace
amounts of lanthanoids measured by ICP-MS (0.01-0.04 at%).
All N, adsorption-desorption isotherms rise steeply at low p/p°
values (indicating significant microporosity), and all exhibit a
brief and steep rise at p/p°® approaching 1 (due to condensation
in macropores). The isotherms belong to either pure type I
(microporous material) or have some type IV character
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Fig. 5 N, sorption isotherms on the porous NC,, carbons (77 K). Inset:
Pore size distributions calculated from the isotherms by the NLDFT model.
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(mesoporous material) mixed in, as observed in the hysteresis
at intermediate-high p/p® values.®'

The carbons in which the inorganic phase was exsolved to
the surface during pyrolysis (NCgq, NCg;, NCy 4, NCng) had BET
surface areas in the range of 660-1330 m* g~ ' (Table 1). These
are high values, but are still the lowest in the series, where BET
SSAs reached up to 1650 m”> ¢~ in NCg, and even 2710 m* g~ *
in NCyyp,. These observations suggest that keeping the particles
inside the carbon (by a proper tuning of the carbon|oxide
interfacial energy) is crucial for exposing a high internal surface
area in the carbon. NCyy, is strictly microporous (type I iso-
therm), while NCg, has a full-house combination of micro-,
meso- and macropores. Quantification of the pore size distri-
bution by NLDFT analysis of the isotherms (Fig. 5, inset)
revealed that all carbons have micropores (<2 nm), some have
small mesopores (2-10 nm), but only NCg, also has a rich
distribution of mesopores (10-50 nm) and macropores.
Moreover, the total pore volume is highest in NCg,, reaching
1.91 mL g ' - compared to 1.2 mL g ' in strictly-microporous
NCyp, and <0.8 mL g " in the others. The well-developed hier-
archical porosity of NCg, is also visible at several magnifications by
SEM and TEM (Fig. 6), as very fine wrinkles on a porous undulating
surface. The richly porous morphology of NCg, and NCyy, is
promising for exposing active sites and enhancing flow during
electrocatalysis. Moreover, the many sharp edges visible in the fine
porous structure create low-area three-phase contact layers (bub-
ble-electrolyte-solid),** useful for preventing bubble pinning and
enhancing gas evolution. The thin and structured carbon walls
(Fig. 6d) help maximize the volumetric surface area of the electrode,
while maintaining structural rigidity.

The high SSA and fine morphology of NCg, suggest that Eu**
ions are not only excellent mesopore templates, but also
particularly efficient in micropore etching during pyrolysis.
When metal-organic compounds are heat treated and carbo-
nized, metal ions can oxidize the carbon matrix, etching
micropores into it and becoming easily washable reduced
particles. Such processes have been observed in the pyrolysis
of Group 1-containing precursors.*>** Indeed, a careful exam-
ination of the carbon yield in each pyrolysis (Fig. 7a), as

Table 1 Material properties of the LnX@NC, NC,, and Fe—-NC,,, materials

Cin Nin Lnin FeinFe- BET

LnX@NC® Nc? Nc?  Nc? SSA° Voo In/ Li
Ln (wt%) (Wt%) (Wt%) (Wt%) (m?>g ") (em®g ") Is° (nm)
La 27 13.5 0.49 0.31 930 0.61 1.76 10.9
Nd 21 10.2 0.36 0.22 1030 0.86 1.46 13.2
Sm 23 11.4 0.37 1.10 1390 0.71 1.79 10.7
Eu 18 11.3 0.11 2.56 1650 1.91 1.60 12.0
Gd 20 13.9 0.42 0.56 660 0.31 1.76 10.9
Tb 21 11.8 0.21 0.81 1530 0.74 1.59 12.1
Er 34 13.5 0.33 0.32 1330 0.57 1.54 12.5
Yb 39 13.5 0.48 2.07 2710 1.16 1.70 11.3

¢ Carbon yield in thermogravimetric combustion (Fig. S7, ESI).
b 1CP-MS; the remainder is O and possibly Cl from the washing.
¢ Isothermal N, adsorption at 77 K. Determined at p/p° = 0.99.
¢ Deconvoluted Raman spectra (Fig. S8, ESI)./ Calculated from the
Ip/Ig ratio.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM micrographs of hierarchically porous NCg, at four magnifica-
tions, obtained by (a and b) SEM, and (c and d) TEM.

calculated from the thermogravimetric combustion of each of the
NC;,, carbons (Fig. S7, ESIT), reveals that most carbon is removed
in NCg,. Moreover, the lanthanoid trace content is lowest in the
case of Eu (Fig. 7b); this metal loss can be explained by efficient
carbothermal reduction (i.e. micropore etching) and subsequent
evaporation of the metal."’ Interestingly, Eu*" is the strongest

La NdSmEuGd Tb Er Yb

(b)

0.040
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0.000

remaining Ln (at%)
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(c)

-2.4

-2.3
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-1.7

La NdSmEu Gd Tb Er Yb

Fig. 7 Indirect evidence for carbon etching by Eu®* ions during pyrolysis:
(a) efficient carbon etching, as seen by the thermogravimetrically deter-
mined carbon fraction in the LnX@NC composite; (b) remaining traces of
Ln atoms after the acid wash (ICP-MS); (c) standard reduction potentials of
the Ln**/Ln couple,® possibly correlated with the tendency to oxidize the
carbon during pyrolysis.

E° of Ln3*/Ln (Veue)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oxidant of all eight lanthanoids in this study, when comparing
standard reduction potentials of the Ln**/Ln couple (Fig. 7c).
Although E° values were determined at conditions dissimilar to a
hot carbon matrix, they do offer a qualitative trend to support the
efficient etching of micropores by Eu®'.

Formation of lanthanoid-imprinted Fe-N-C active sites

In the active site imprinting concept, proposed by Fellinger
et al., the templating lanthanoid ions bind and retain the
nitrogen atoms during the pyrolysis, and can later be replaced
(transmetalated) with a catalytically active metal such as
35758 We have performed such an iron transmetalation by
refluxing the NC;, in a methanol solution of an iron salt,
followed by washing and drying. The resulting materials
(dubbed FeNCr,) contain very high nitrogen content (8.9-12.1
at%, Table 1). This is higher than the typical N content of
Group 2-templated carbons (~ 6 at%),>*** and could arise from
the stronger Ln-N coordination. The carbons also contain
residual oxygen, hydrogen, and possibly chlorine from the acid
wash. The oxygen phases are important for rendering the
carbon surface hydrophilic enough for wetting by electrolyte,
yet also serve as possible reaction sites for corrosion. Impor-
tantly for electronic conductivity, the carbons are quite graphi-
tic, as measured by Raman spectroscopy (Fig. S8, ESIf). The
intensity ratio between the Raman D band (associated with
carbon defects) and the G band (graphitic band) varies slightly
around 1.65 + 0.12 across the series (Table 1). These
values correspond to graphitic plane domain lengths (L,) of
11.7 £+ 0.9 nm. The similarity in degree of graphitization across
the series reveals that IDA ligand, common to all eight salts, is
solely responsible for directing the textural properties of the
carbon. Thus, the role of the lanthanoid metal is only to direct
the porous structure of the materials.

The final iron content varied between 0.2-1.1 wt% for most
carbons (ICP-MS, Table 1) but peaked in the highly porous
carbons, reaching 2.1 wt% in Fe-NCyy;, and 2.6 wt% in Fe-NCgy,.
The nitrogen binding modes were analysed in two high-surface-
area carbons, Fe-NCg, and Fe-NCg,, by X-ray photoelectron
spectroscopy (XPS) in the N 1s region (Fig. 8). The spectra were
deconvoluted into peaks of metal-bound, pyridinic, pyrrolic,
quaternary, graphitic, and oxidized nitrogen positions.** Both
materials contain a significant fraction of metal-bound

iron.

(a) Fe-NCg, (b) Fe-NCg,

[
| Nl

[\ /

No Npy N, N N\ Ng NEL(

Not

N,

406 404 402 400 398 396 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
Fig. 8 X-Ray photoelectron spectra in the N 1s region on Fe-

transmetalated porous carbons (a) Fe—NCg, and (b) Fe—=NCs,,,. The spectra
are deconvoluted® to identify different nitrogen moieties, including
pyridinic (Np), metal-bound (Nme), pyrrolyic (Ny,), quaternary (Ng), graphitic
(Ng) and oxidized (Noy).
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nitrogens (Ny), more in Fe-NCg, (33%) than in Fe-NCgp,
(25%). The difference is equally distributed across the other
nitrogen positions (Table S1, ESIT). This suggests that the Eu**
and Sm** ions were successful in imprinting Ln-N, moieties
that could be converted to Fe-N, sites. Moreover, Eu*" ions are
somewhat better than Sm*®" ions in the imprinting process.

All NC,,, carbons and all transmetalated Fe-NC,,, carbons
were tested as hydrazine oxidation electrocatalysts in 1 M KOH
solution, without electrode rotation (Fig. 9). Some of the iron-
free NCy;,, carbons show reasonable HzOR activity, with onset
potentials ranging 0.38-0.48 V vs. RHE at pH 14 (Fig. 9a). The
oxidation occurs in two waves, assigned to two active sites: first,
a small wave on the nitrogen dopants; second, a larger wave on
carbon defects.®

Fluctuations in the current, indicating irregular detachment
of N,(g) bubbles produced by the HzOR, appear at high over-
potentials (>0.9 V vs. RHE) for some of the materials. Fast
bubble generation is encouraging for efficient HzOR but high-
lights the need for efficient bubble removal.

Upon transmetalation with iron, the HzOR activity improves
drastically (Table S2 and Fig. S9, ESIt).>® The onset potentials
are shifted negative, down to 0.37-0.38 V for most carbons, and
even 0.32 V vs. RHE for Fe-NCg,. These onsets approach those
of the best Fe-N-C electrocatalysts reported for the HzOR, to

—
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Fig. 9 Hydrazine oxidation electrocatalysis on (a) metal-free porous NC,,
carbons, and on (b) iron-transmetalated porous Fe—-NC_, carbons, includ-
ing a comparison to a recent FeN4-C reference material.>* LSVs taken
without electrode rotation, in 1 M KOH, 0.1 M N,H,, scan rate 10 mV s~%.
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within 70 mV (see Table S3, ESIt).> Importantly, the HzOR
wave shows a constant oxidation current, indicating fast, mass-
transfer limited electrocatalysis. This contrasts all previously
reported Fe-N-C HzOR electrocatalysts, where Fe is typically
deactivated, resulting in a peak-shaped voltametric wave.>*%%*
The atomical dispersion of the Fe-N, moieties is further
supported by cyanide and nitrite poisoning experiments
(Fig. S10, ESIt), which show lower current densities upon
selective poisoning of iron centers.®>**"®® Tafel analysis con-
firms a distinct change in electrocatalytic mechanism (Fig. S11,
ESIt): the iron-free NC= materials show Tafel slopes of
270 + 70 mV dec™', whereas the iron-imprinted Fe-NCp,
catalysts exhibit steeper slopes of 140 4 25 mV dec '
(Table S4, ESIf). However, these values are hard to interpret
on their own, since mass-transfer phenomena cloud the kinetic
analysis.

The Fe-NCp, catalysts start evolving N, bubbles at early
potentials (0.6 V vs. RHE). This is indicated by the current
spikes, which correspond to single events of bubble release
from the electrode surface. High power HzOR operation calls
for fast removal of bubbles, which would result in small,
frequent, and regular current spikes. This is the case for
Fe-NCyyp, where the spikes are regular and small. The efficient
bubble removal is visible as continuous ‘frothing’ from the
entire electrode surface (Fig. 10). Even more remarkable is
Fe-NCg,, showing no current spikes at all - but rather a steady
catalytic plateau from 0.5 V vs. RHE and on. Although N is still
generated in large quantities (see also the Koutecky-Levich
analysis below), the bubbles only grow at the perimeter of the
electrode, indicating immediate removal to the sides (Fig. 10)
and a complete lack of bubble pinning. This efficient bubble
removal also explains the early HzOR onset potential on
Fe-NCg,, since it allows the active site to start operating at
maximum efficiency immediately; without removal of the N,
products, higher over-potentials are needed to make the reac-
tion favorable. Overall, the differences in bubble removal
efficiencies within the series are striking, and suggest the
central role of the pore structure and fine surface texture in
this important phenomenon.

Koutecky-Levich analysis was further used to calculate the
apparent number of electrons transferred per N,H, molecule
(Fig. S12, ESIY). The analysis revealed 2.1 & 0.3 e~ for Fe-NCyy,
and 3.2 £ 0.1 for Fe-NCg,. Complete oxidation to N, would
yield 4 e"/N,H,. The losses may result from chemical decom-
position of the hydrazine.** A more complete oxidation is

R/

Fe'NCYb Fe'NCEu
<

- e
/4
Fig. 10 Photographs of two electrocatalysts showing the most efficient

bubble removal, at £ = 0.55 V, at the conditions of Fig. 9, rotating at
10 rpm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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linked with intermediate confinement in specific pore sizes.
Thus, the higher value for the Fe-NCg,, carbon further confirms
its higher activity for the HzOR, which arises from its unique,
hierarchically porous nanostructure.

Conclusions

Eight lanthanoid metal iminodiacetates (La, Nd, Sm, Eu, Gd,
Tb, Er, Yb) are reported as diverse precursors for the simulta-
neous self-templating and metal-imprinting of hierarchically
porous carbon electrocatalysts. The lanthanoid coordination
compounds were pyrolyzed to yield a series of LnX@NC materi-
als, exhibiting different types of carbon|template interactions,
such as coating, exsolution, and embedding. The spatial evolu-
tion of template particles was shown to be critical for the
exposure of internal microporosity: upon removal of the inor-
ganic templates, a rich variety of porous carbons was obtained,
exhibiting microporosity (correlated with BET SSAs from 660 to
2700 m* g~ '), some mesoporosity, and in some cases (Eu, Sm)
complex porosity on multiple length-scales. Finally, post-
pyrolytic transmetalation with Fe®" yielded excellent electroca-
talysts for the hydrazine oxidation reaction, with early onsets
(down to Eopser = +0.32 V vs. RHE in 1 M KOH on NCg,) and
stable catalytic currents without deactivation. Bubble removal,
as assessed by current spikes, varied with the carbon texture,
and very efficient bubble removal was observed on NCg, and
NCyyp. The outstanding HzOR activity of Fe-NCg, is no doubt
related to its exceptional material properties: high specific
surface area (1650 m> g '), high pore volume (1.91 mL g %),
hierarchical micro-, meso- and macroporosity, and higher Fe
content. These properties, in turn, arise from the unique
suitability of Eu ions for driving multi-level self-templating —
both of nitrogen-based active sites, and of a flow-enabling pore
network. These hierarchically carbons are expected to be useful
supports for other electrocatalytic reactions. The systematic
understanding of the self-templating process expands the tool-
box of pore engineering strategies, to applications in catalysis,
batteries, adsorption, and more.
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