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ABSTRACT: Oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) represent key processes underpinning fuel cell and 810ER HO Ho T
water-splitting technologies, respectively. In this scenario, boron-doped 161
carbon nanomaterials have emerged as promising and metal-free bifunc-
tional systems to promote both electrochemical processes while offering o

a sustainable alternative to the use of critical raw materials in 5 Me
electrocatalysts of the state-of-the-art. Herein, we describe the surface E & 7?&~{Me
engineering of pristine multiwalled carbon nanotubes (MWCNTs) =

through the covalent grafting of precise boronic acid [R-B(OH),] or
boronic ester [R-B(OR),] functionalities, using an aryl-diazonium salt
method. Materials were then evaluated as ORR and OER electrocatalysts T T T T T T T T
under alkaline conditions uncovering clear-cut structure—activity relation-
ships commonly overlooked in the literature. DFT simulations on mod-
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eled boron-functionalized graphene systems unveiled the role of structural energetics linked to the dynamic evolution of B-active
sites [R-B(OH), vs R-B(OR'),] under both electrochemical processes.

KEYWORDS: carbon nanotube surface engineering, boron doping, oxygen evolution/reduction electrocatalysts, non-metal active

site structural evolution

1. INTRODUCTION

Oxygen reduction reaction (ORR) and oxygen evolution reac-
tion (OER) have emerged as pivotal electrochemical processes
for advancing sustainable energy technologies.' While the for-
mer is fundamental in fuel cell devices, the latter is decisive for
enabling efficient water splitting and sustainable green hydrogen
production.*™® High costs and limited natural abundance of crit-
ical transition metals used in electrocatalysts of the state-of-the-
art for ORR (ie, Pt) and OER (ie, RuO,/IrO,)"" "> have
deeply hindered the large-scale implementation of these tech-
nologies. Over the past decade, metal-free carbocatalysts, prev-
alently in the form of lightweight hetero-doped materials (i.e.,
N, O, B, P, and S), have emerged as powerful and stable alter-
natives to traditional metal-based systems. They are effective
promoters in several thermal processes'*™'* as well as promis-
ing, low-cost substitutes for platinum-group metals (PGM) in
fundamental electrocatalytic transformations at the heart of
renewable energy technology.'”® In this scenario, B-doped
materials have emerged as valuable bifunctional catalysts to pro-
mote ORR and OER.*>*7! The rational design of high-
performance B-doped networks for both electrochemical pro-
cesses remains contingent upon the control of the structural,
electronic, and chemical environment of B-active sites.
However, conventional methodologies applied to the bottom-
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up nanostructuring of complex (often batch-dependent) macro-
molecular C,B-networks (i.e., hydrothermal treatment,’%3%33
chemical vapor deposition,**> and thermal annealing)>*3%3”
afford negligible control (if not a complete lack thereof) on
the local structure and composition of B-active sites. On the
contrary, they produce materials hosting a complex set of
boron-containing species (eg, BC;, B,C, C-BO,, B,O;, and
C,BO) whose heterogeneity hampers any reliable attempt to
link materials electrochemical performance with a specific B-
containing functional group.

Nevertheless, BC; groups have frequently been regarded as
active species to promote the complete 4e~ ORR,**3>3%3°
while oxygen-enriched B-moieties (e.g., C-BO, and/or C,BO)
preferentially boost the 2e” ORR path to form peroxide.***~*3
There are few reports on boron-doped carbon networks as
metal-free electrocatalysts for the OER, and the identity of
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their active sites still remains unclear.****%** While a theoretical
study by Liu’s group identified edge-type BC, moieties as
promising candidates for high OER activity,** Choi and
coworkers demonstrated experimentally that BCO, sites were
more favorable for the adsorption and conversion of OH™ ions
into 0,.*°

In this work, we introduce an unconventional strategy to
the synthesis of boron-decorated carbon nanomaterials.
The approach is designed to clarify the role of specific B-
containing functionalities in ORR and OER processes, cir-
cumventing limitations of heterogeneity of classical materials
from bottom-up syntheses. A major advantage of our design
method is that B-sites fall within consistent molecular frame-
works and share identical structural and chemical environ-
ments at odds with those synthesized through classical
bottom-up synthetic schemes.*>*¢ To this end, precise
boron-containing molecular fragments were covalently
grafted to the outer surface of ultrapure, pristine multiwalled
carbon nanotubes (MWCNTs). A mild, aryl-diazonium salt
chemistry-based, top-down method enabled this functionali-
zation preserving key chemico-physical properties of the
hosting carbon matrix (e.g., electrical conductivity, type and
density of topological defects) and surface chemistry of B-
functionalities essential to electrocatalytic runs. The study
has uncovered a (previously unknown) distinct reactivity
trend among structurally related boron functionalities. We
find that boronic ester groups [R—B(OR/)Z] are highly active
functionalities in the oxygen reduction reaction (ORR), in
contrast to boronic acids [R-B(OH), ], which are more effec-
tive in the oxygen evolution reaction (OER). DFT calcula-
tions on modeled graphene supercells functionalized with
phenylboronic acid [ArB(OH),] or its pinacol ester
(ArBpin) have finally offered a rationale to electrochemical
results. They have unlocked the contribution of energetics
linked to the dynamic structural evolution®” of B-active sites
as a critical factor in the catalytic performance of these metal-
free systems. Only recently, Wu and coworkers demon-
strated, using an oxygen-modified and defective graphene
network, how dynamic evolutions of active sites were crucial
to the function of carbon-based catalysts.*® This previously
overlooked characteristic, which is deemed even unmeasur-
able in B-groups embedded within bottom-up synthesized
materials, is the key to understanding the mechanism of
action of these lightweight doped samples in small-mole-
cules activation and conversion.

2. EXPERIMENTAL SECTION
2.1. General Considerations

Unless otherwise stated, all material syntheses have been carried out
using standard Schlenk-type techniques under N, atmosphere. o-
DCB (ortho-dichlorobenzene) was dried following literature proce-
dures,”® while dry acetonitrile (CH,CN) was obtained by means of
an MBraun Solvent Purification System. All other solvents used
throughout synthetic steps were degassed under N, atmosphere prior
to any use and employed as received by the providers without under-
going any further purification. Multiwalled carbon nanotubes
(MWCNTs, >98% in C—Lot no. MKBHS814V) and all other chemi-
cals were purchased from Merck and used as received. An Elma S15
Elmasonic sonicator bath (37 kHz) was used for material sonication
while their vacuum filtration during the workup procedure was accom-
plished using PTFE Whatman filters (0.2 pm pore size).
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2.2. Covalent Grafting of B-Containing Functional Groups
on Ultrapure MWCNT Samples

Material functionalization was accomplished following classical aryl-
diazonium salt chemistry.'*** In brief, 40 mg of ultrapure MWCNTs
were suspended in either dry and degassed 0-DCB (32 mL) or Milli-
Q water (20 mL) and sonicated for 20 min before being treated with
the proper aniline sample to get materials 3 and 4, respectively.
Afterward, each suspension was treated with aniline 1 (0.19 g,
0.86 mmol, in 16 mL of dry acetonitrile) and isopentyl nitrite
(0.17 mL, 1.29 mmol) or aniline 2 (0.15 g, 0.86 mmol) and NaNO,
(0.09 g, 1.29 mmol), respectively, and suspensions were sonicated for
10 min at room temperature. Each mixture was then stirred at 80 °C
for 14 h during which surface functionalization takes place. After allow-
ing mixtures to cool down at room temperature, each solid was
recovered by centrifugation and submitted to successive washing/son-
ication/centrifugation cycles with ethyl acetate (twice) and dichloro-
methane (twice) for 3, ethanol (four times) for 4. Last, each solid
was resuspended in proper solvent (CH,Cl, for 3 and C,H,OH
for 4), sonicated for 10 min, and vacuum-filtered using Whatman fil-
ters (0.2 um pore size). Recovered solid materials were then dried at
50 °C overnight and stored into a glass vial under ambient atmo-
sphere without showing any appreciable alteration/decomposition
over months. Blank samples for each functionalized material were
prepared following identical synthetic and purification/workup proce-
dures except for the use nitrite as an aniline activator.

2.3. Characterization Techniques

Thermogravimetric analysis (TGA) was carried out on an EXSTAR
Seiko 6200 analyzer under N, atmosphere (100 mL/min). Analysis
conditions were as follows: from 40 to 750 °C, 5 °C/min. X-ray pho-
toelectron spectroscopy (XPS) was performed in an ultra-high vacuum
system (10°-107'° mbar) equipped with a non-monochromatized
dual anode (Al and Mg) and a hemispherical electron/ion energy ana-
lyzer. The Al X-ray source was set at 120 W (12 kV and 10 mA) and
photoelectrons collected normal to the sample surface, maintaining
the analyzer angle at 54.5°. Each sample was suspended in ethanol
and drop-cast on silicon wafer with native oxide. Samples were kept
in the introduction chamber under vacuum for at least 18 h to remove
all adsorbed volatiles and the solvent, with a base pressure in the order
of 1077 mbar. XPS spectra were acquired at a pass energy of 44.0 eV
and elaborated using CasaXPS software.”” Peak deconvolution was
accomplished with Lorentzian functions and binding energy values cal-
ibrated at 284.8 eV (C 1s sp” component).”® B 1s at % was estimated
with a sensitivity factor of 0.159. Elemental analysis (EA) was per-
formed on a Thermo Flash EA 1112 Series CHNS analyzer.
Transmission electron microscopy (TEM) was carried out by means
of a Thermo Fisher F200X G2 HR-TEM (200 keV beam energy).
Samples were suspended in 2-propanol upon sonication and then
deposited on holey-carbon-supported copper grids (200 mesh).

2.4. Electrochemical Measurements

Electrochemical measurements were conducted using a CHI760D
potentiostat and an Ag/AgCl (3 M CI") reference electrode. The elec-
trolyte was a KOH (Merck, 84% min.) 0.1 M solution prepared using
Milli-Q (18.2 MQ-cm). An 85% iR correction was applied in all the
electrochemical tests. All the potentials are reported vs reversible
hydrogen electrode (RHE).

For the ink preparation, 1 mg of CNT was dispersed in a solution
containing 136 pL of water, 88 pL of ethanol, and 4.8 puL of S wt %
Nafion solution. The ink was sonicated until a homogeneous suspen-
sion was obtained. A proper ink volume was then deposited on the
working electrodes by the drop-casting technique to achieve a catalyst
loading of 0.35 mg cm ™.

ORR measurements were conducted using a rotating rink-disk elec-
trode (RRDE) setup equipped with a glassy carbon disk (¢ 4 mm) and
a Pt ring. The electrode was rotated at 800 rpm for the acquisition of
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the electrochemical data. A graphite rod was used as a counter elec-
trode. N, or O, gas was bubbled to evaluate the base currents and
ORR currents, respectively. Linear sweep voltammetry (LSV) was
acquired at a scan rate of 10 mV s, while the Pt ring was kept at a
fixed potential of 1.2 V. Methanol tolerance was assessed by injection
of 2 mL of methanol into the cell (electrolyte volume: ~40 mL) while
the sample was subjected to a chronoamperometry at 0.61 V under O,
atmosphere.

OER measurements were conducted using a glassy carbon electrode
(active area: 0.5 cm®) and a Pt wire as working and counter electrodes,
respectively. LSVs were acquired at a scan rate of 10 mV s
Chronoamperometry was conducted at 1.7 V. Tafel plots were derived
from step chronoamperometry at increasing potentials in 20 mV steps.
Each potential was held for 30 s, and the current density measured at
the end of each step was plotted vs the overpotential (1) to construct
the Tafel plot. Mass activities values (Table S3) were extracted from
the LSV considering the catalyst loading on the electrode.

2.5. Computational Details

DFT calculations were performed using the Quantum Expresso code®’
employing the Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional based on the generalized gradient approximation (GGA)*'
and ultrasoft pseudopotentials.”> The spin-polarized Kohn—Sham
equations were solved in the planewave pseudopotential framework,
with the wavefunction basis set and the Fourier representation of the
charge density being limited by kinetic cutoffs of 50 and 500 Ry,
respectively.

The calculations were performed using a stoichiometric 8 X 8 gra-
phene (Gr) supercell, consisting of 128 carbon atoms, functionalized
with phenylboronic acid pinacol ester (ArBpin) and phenylboronic
acid (ArB(OH),), under basic electrolyte conditions. The optimized
structures corresponding to the most stable geometries of chemically
grafted aromatics to Gr monolayers—Ilabeled as Gr@ArBpin
[159 atoms, (3*)] and Gr@ArB(OH), [143 atoms, (4*)]—are shown
in Figure S1.

A vacuum separation of 25 A along the z-direction was entered
between consecutive monolayers to prevent mutual influence with
the periodic images and allow all atoms in the supercell to fully relax
during optimization. The graphene supercell (Gr) was used as a model
of the outer MWCNT wall to reduce the computational cost, since pre-
liminary calculations showed essentially identical OH™ adsorption
energies for the functionalized SWCNTSs, representative of the
MWCNT structure and Gr models (Figure S2). The Brillouin zone
integration was performed on the I" point only, and a Gaussian smear-
ing with a width of 6 = 0.05 eV was used in the calculations. In all cal-
culations, the long-range nonlocal effects, such as van der Waals (vdW)
interactions, were considered by including the dispersion correction
through the zero damping DFT-D3 method of Grimme.>

The adsorption energy of the organic ligands on the Gr monolayer
was computed using eq 1:

Eags = Egraamx—(Ecr + Eamx) (1)

where Eg, oampx is the energy of the total systems in which phenyl
boronic acid [ArB(OH),] and phenyl boronic acid pinacol ester
[ArBpin] are adsorbed on the Gr surface, E, is the energy of the
8 X 8 graphene support, and E, y is the energy of the organic frag-
ments in the gas phase.

For the intermediates Gr@ArBpin@OH and Gr@ArB(OH),@OH,
we computed the deformation energy (Eu), which is the energy
required to distort the interacting fragments from their optimized
geometries to those adopted upon interaction, and the interaction
energy (E,,,), defined as the interaction energy between the deformed
fragments. These quantities were evaluated to rationalize the catalytic
reactivity in terms of both the geometrical features and the bonding
capabilities of the systems toward the adsorbate.”*
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The atom charges of the optimized 3* and 4* were computed by
using the Bader’s theory.”>™’

The free energy diagrams of the universal OH intermediate descrip-
tor along the electrochemical reaction pathway were computed using
the computational hydrogen electrode (CHE) model developed by
Norskov et al.*

According to this model, under experimental conditions of pH = 13
and U = 1.23 V, where U is the applied electrochemical potential, the
free energy of the (H" + ") pair is set equal to one-half of the chem-
ical potential of gas-phase H,.

The difference between the free energies of the initial and final
states is computed using eq 2:

AG = AE + AZPE-TAS—neU + nk, TIn10 X pH (2)

where AE corresponds to the reaction energy obtained through DFT
calculations, ZPE is the zero-point energy, S is the entropy, and T is
the room temperature (298.15 K). In —neU, e is the elementary charge
transferred and n is the number of proton—electron pairs transferred,
whereas in nk, TIn10-pH, k,, is the Boltzmann constant.

For both ORR and OER, the theoretical overpotential (nORR/OERy
is defined according to eq 8 (nO*VOER = U, — U; vide infra
Section 3). U;, which is the AG,_ of the whole processes, depends
on the binding energy between the OH™ ion and the graphene support.
Therefore, eqs 3 and 4

AGmaxORR = _AG*OH (3)
AGmaxOER = AG*OH (4)

will be the only descriptors to predict the ORR/OER catalyst activity.*

Quantum mechanics (QM) calculations were carried out using the
Gaussian16 package.”” The B3LYP-D3(BJ)***' level of theory was
used to optimize all geometries, and the 6-31G* basis set was used
for C, H, O, and B atoms. In Figure S3, we reported the electronic
and free energies (AE and AG) in both gas and solvent phases (in
round brackets). In solvent, the free energies were obtained adding
thermal corrections in the gas phase to the electronic energy computed
via single-point energy calculations in water (polarizable continuum
model)®* at the B3LYP-D3(BJ) level®*¢! and using the 6-311G** basis
set for all atoms.

3. RESULTS AND DISCUSSION

Two novel B-decorated MWCNTSs have been prepared accord-
ing to a slightly modified protocol based on classical aryl-
diazonium salt chemistry.>! To this end, a sonicated suspension
of ultrapure MWCNTs (98% C, Merck) was reacted with in situ
generated aryl-diazonium salts from 4-aminophenylboronic acid
pinacol ester (1) or 4-aminophenylboronic acid hydrochloride
(2) in the presence of isopentyl nitrite or NaNO, as activator,
respectively (Scheme 1).

Each sample underwent a thorough workup procedure
involving sequential sonication/centrifugation cycles, followed
by filtration and drying, to eliminate excess reagents and non-
specifically adsorbed (physiosorbed) molecules (detailed in
Section 2). To rule out contamination from superficially
adsorbed boron compounds, blank tests were conducted. For
the latter, synthetic and workup procedures similar to those
described for 3 and 4 were followed, but without the
aniline activator.

The successful grafting of aryl groups was first assessed by
thermogravimetric analyses (TGA), which showed distinctive
weight losses for both functionalized materials (Figure 1A,B).
The functional loading was tentatively estimated from the

https://doi.org/10.1021/acsaem.6c01791
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Scheme 1. Exohedral Functionalization Scheme of MWCNTs with Phenyl Boronic Acid Pinacol Ester (MW-Bpin, 3) or Phenyl

Boronic Acid (MW-B(OH),, 4) Dangling Arms
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differential weight loss of each sample relative to its blank
counterpart in the 40-500 °C temperature range (0.17 and
0.24 mmol/g for samples 3 and 4, respectively). The moderate
functionalization loading measured was ascribed to boron sub-
stituents on the aromatic rings. Their strong n—electron accep-
tor character stabilizes aryl radical intermediates generated
upon reaction and decreases their reactivity to MWCNT sur-
face grafting.*""** XPS analysis of 3 and 4 (Figure 1C,C,D,D’)
confirmed the successful functionalization procedure. While
C 1s spectra revealed low-binding-energy components (283.6—
283.7 eV), indicative of B-C bonds not detected in the control
sample (blank test, Figure S4B), B 1s core regions showed sig-
nals at 190.9-191.0 eV from pinacol phenylboronic ester and
boronic acid groups (Figure 1C,D).>®* No signals were
detected from the high-resolution XPS analysis at the B 1s core
region for the respective control samples (blank tests,
Figure S4A). The boron loadings estimated from XPS analysis
were 0.18 at. % (0.14 mmol/g) for 3 and 0.34 at. %
(026 mmol/g) for 4, in good agreement with TGA out-
comes. A systematic characterization suite, including BET
(Brunauer—Emmett—Teller) measures of material-specific sur-
face areas, BJH (Barrett—Joyner—Halenda) analyses of their
pore-size distribution/volume, Raman spectroscopy, and high-
resolution TEM (transmission electron microscopy) micro-
graphs of all materials, was finally employed to evaluate the
morphological changes in MWCNT-based samples upon top-
down functionalization paths. All collected characterization data
(Figure 1E~J) were consistent with a highly conservative graft-
ing technology for the surface exposure of tailored B-containing
functional groups while preserving the unaltered morphology
and composition of the underlying materials (MWCNTs). In
particular, the invariance of the I,/I; ratio from the
Lorentzian-fitted D (= 1360 cm™) and G (& 1590 cm™) peaks
of Raman profiles (Figure 1G) indicates a constant and compa-
rable level of structural defects relative to the well-ordered sp*
graphitic domains in all samples.>®® TEM imaging

11662

(Figure 1H-J) reaffirms the noninvasive approach of surface
grafting that preserves pristine CNT physical properties (eg,
tube length and diameter) and nanotube bundling/aggregation
degree in all functionalized materials.”**°

Samples 3 and 4, including pristine multiwalled carbon
nanotubes (MWCNTs), were then tested as electrocata-
lysts under alkaline conditions for the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER).
ORR performance was assessed in a three-electrode cell
on a glassy carbon rotating ring-disk electrode (RRDE).
Linear sweep voltammograms (LSVs) were recorded at a
rotation rate of 800 rpm under both inert (N,) and
O,-saturated 0.1 M KOH solution. As Figure 2A shows,
all materials exhibit distinctive cathodic currents in the
presence of O, not shown upon acquisition under inert
(N,) atmosphere (Figure SS), indicative of their ORR
activity. Both boron-functionalized samples exhibit a posi-
tive shift in onset potential (E_,) compared to their pris-
tine counterparts, with MW-Bpin (3) showing the best
performance of the series (Figure 2 and Table 1).
Despite a moderate B-group functional loading, with an
onset potential (E_,) of 0.86 V and a half-wave potential
(E,/,) of 0.67 V, MW-Bpin (3) ranks among the best-
performing B-doped, metal-free ORR catalysts reported
in the literature to date (Table S1). It also exhibits com-
plete tolerance to methanol poisoning/deactivation
attempt, a critical issue for ORR electrocatalysts in direct
methanol fuel cells.®” This is demonstrated by its stable
chronoamperometric response at 0.61 V, which remains
virtually unaltered upon alcohol addition to the electro-
chemical cell (Figure S6).

ORR selectivity (2~ vs 4e”) for electrocatalysts from this
series was assessed by monitoring the hydrogen peroxide pro-
duced at the disk and intercepted at the Pt ring of the RRDE
electrode (Figure 2A’). All materials exhibited a dominant
four-electron process, with both B-functionalized samples

https://doi.org/10.1021/acsaem.6c01791
ACS Appl. Energy Mater. 2026, 9, 11659-11668

920z Jequisidag | uo Jesn IZNIMIL 1 1ANLS 1193d AINN Aq 4pd'(L6.210-9202-98/90.L26.29/6591 L/ L/6/sPpd-0jon1e/bowaee/Bio soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01791/suppl_file/ae6c01791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01791/suppl_file/ae6c01791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01791/suppl_file/ae6c01791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01791/suppl_file/ae6c01791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01791/suppl_file/ae6c01791_si_001.pdf
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01791

ACS Applied Energy Materials

www.acsaem.org

1:: MW-Bpin (3) <
. C
‘:..'T - A wtloss %
S %l 40-550°Cw loss %<
2 92 ““ |l o

90 | — blank test Y 3 .

- = MW-Bpin (3) S

100 P TN —

9 ‘@ | MW-B(OH): (4) Cis||D’ A Bs
2 % " S \.
§94 TSl Awloss % £ D
S g2 [+ 40-550°Cwt. loss %< _
[ Yy

90 .
s 88 —— blank test

861 ~ = MW-B(OH): (4) xr

100 200 300 400 500 600 700 292 290 288 286 284 282 194 192 190 188
Temperature (°C) Binding Energy (eV)

50 E (4) D G o G 3
o 40 —;
= @©
£ 50 M
g —- p-MWCNTs 2 1
820 - MW-Bpin (3) -
° + MW-B(OH): (4) MWCNTs
210 i

1200 1400 1600 1800 §
0 Lqmmmere v - X!
00 02 04 06 08 10 Wavenumber (cm™)
— Relative pressure (P/Po)
?2'5 MWCNT:
® .

820 F 2 e .
= R * (3)
S5 > (4)
n-' £y
=10{
2 o ~o
S)qu‘? .
§ oo™

Pore size (nm)

Figure 1. Thermogravimetric profiles of (A) MW-Bpin (3) and (B) MW-B(OH), (4) and samples’ weight loss vs their blank counterparts; analysis
conditions: 40~750 °C, 5 °C/min, N, atm. (100 mL/min). High-resolution XPS profiles at the C Ls and B 1s core regions for (C, C') MW-Bpin (3)
and (D, D) MW-B(OH), (4) along with respective curve fitting. (E) N, adsorption—desorption isotherm linear plots of p-MWCNTs (black curve), 3
(red curve), and 4 (blue curve) recorded at 77 K along with their (F) respective pore-size distributions from the BJH method on N, desorption iso-
therm branches. (G) Raman spectra (empty gray dots) of p-MWCNTSs, 3, and 4, fitted with Lorentzian line shapes (solid and dashed lines). TEM
images of p-MWCNTs (H), 3 (I), and 4 (J) at comparable magnifications.

producing ~10% of HO,™ at 0.5V, corresponding to an average
of 3.8 electrons exchanged per O, molecule (Table 1).

Although the nature of the boron functional group (whether
pinacol ester, 3, or boronic acid, 4) affects ORR kinetics (as evi-
denced by the shifting E_ values), it negligibly impacts the pro-
cess selectivity (4e” vs 2¢7). This key finding challenges the
previously reported action of BCO, groups as ORR promoters
for the selective 2e™ reduction pathway.*"*

Unlike complex, bottom-up synthesized boron-doped mate-
rials, our well-defined system unambiguously demonstrates that
BCO, moieties (whatever acid or ester derivatives) promote
ORR through a prevalent 4e™ reduction pathway while boronic
esters [R-B(OR),] exhibit superior O, activation kinetics than
its acidic counterparts [R-B(OH),] (Figure 2 and Table 1,
MW-Bpin, 3, s MW-B(OH),, 4).

The oxygen evolution reaction (OER) performance of 3 and
4 was finally evaluated upon acquiring LSVs in a three-
electrode cell in 0.1 M KOH electrolyte (Figure 2B). Unlike
ORR activity trends of B-functionalized systems from this
series, compound MW-B(OH), (4) shows higher performance
for the OER, with an E_ value of 1.6 V vs RHE and a remark-
ably high current density (n,, = 1.78 V vs RHE). With a rela-
tively low concentration of surface grafted boronic acid groups,
4 significantly outperforms both its ester analogue MW-Bpin
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(3) and pristine MWCNTSs and deservedly lies among the best
boron-doped carbon-based OER electrocatalysts reported to
date (Table S2). It also exhibits significant long-term stability
under the scrutinized electrochemical conditions, as evidenced
by its chronoamperometric response at 1.7 V vs RHE
(Figure 2C). As shown in Figure S7, the Tafel plot obtained
for MW-B(OH), (4) was 126 mV dec ™', a value typical of a
first-electron rate-determining step in the OER kinetics. Tafel
slopes for MWCNTs are strongly dependent on the OH™ con-
centration, as higher concentrations lead to lower slopes and
faster kinetics.®®

These findings provide original insights into the comprehen-
sion of the puzzling structure—activity and selectivity relation-
ships of a significant class of metal-free electrocatalysts.
Indeed, at odds to classical bottom-up synthesized and highly
heterogeneous carbon structures where the chemical state,
hybridization, and coordination of the boron dopants are poorly
defined and uncontrollable, our top-down functionalization
approach allows us to introduce a chemically, structurally, mor-
phologically well-defined and uniform B-active species onto
MWCNTSs. Besides establishing the bifunctional catalytic apti-
tude for ORR/OER of selected B-containing functionalities,
experimental data unambiguously demonstrate the non-
innocent role of local C-BO, chemical environment and how
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Figure 2. (A) Disk and (A)) Pt-ring RRDE LSV curves of p-MWCNTs, 3, and 4 registered in O,-saturated 0.1 M KOH aqueous solution at an elec-
trode spin rate of 800 rpm. (B) LSV polarization curves recorded for p-MWCNTs, 3, and 4 at 10 mV/s in KOH 0.1 M solution.
(C) Chronoamperometric response of MW-B(OH), (4) at 1.7 V vs RHE.

Table 1. Onset Potential Values (E_,), H,O, (%) Produced,
and Mean Electron Number Exchanged (n) per O, Molecule
for p-MWCNTs, 3, and 4

electrocatalyst E,, H,0,(%)" n'
p-MWCNTSs 0.79 21 36
MW-Bpin (3) 0.86 12 338
MW-B(OH), (4) 0.83 9 3.8

“As measured from Pt-ring currents at 0.5 V.

it plays a decisive effect on the ultimate materials performance.
A key finding concerns the dynamic structural evolution of
boron-active sites, a previously overlooked feature that critically
impacts the ultimate electrocatalytic efficiency of these metal-
free systems. To clarify the concept, we conducted DFT com-
putational studies primarily aimed at clarifying reasons why
boronic acids [R-B(OH),] outperformed boronic ester groups
[R-B(OR)),] in OER. To this end, stoichiometric 8 X 8 gra-
phene (Gr) supercells consisting of 128 carbon atoms, function-
alized with pinacol ester [Gr@ArBpin; 3*] or phenylboronic
acid [Gr@ArB(OH),; 4*] dangling groups were modeled and
optimized (Figure S1), to calculate energetics of relevant inter-
mediates involved in the process. Following the Norskov
approach, we calculated the AG associated with OH™ adsorp-
tion on the B sites of 3% and 4%, as this step serves as the uni-
versal descriptor governing both electrochemical dissociative
pathways (eqs Sa,c for ORR and eqs 6a,c for OER), as further
detailed in Section 2.5.*%Y
ORR dissociative pathway®

O, +H,0+2e +* - O*+20H

(Sa)

O*+H,0+e¢” — OH*+OH” (sb)
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OH* +e »OH™ +* (5¢)
OER dissociative pathway’®
OH +*—>OH*+e (6a)
(6b)

(6¢)

OH*+OH = O*+H,0+e"
O*+20H -0, +H,0+2¢ +*

The equations above show the oxygen reduction reaction
(ORR; egs Sac) and oxygen evolution reaction (OER;
eqs 6a,c) dissociative pathways under alkaline electrolyte
conditions.

Computed adsorption energy values (E,,; eq 7) and Gibbs
free energy variations (AG, €V) on intermediates
Gr@ArBpin@OH (3°"") and Gr@ArB(OH),@OH (4°H%)
(egs Sb and 6a) offered a first clear distinction on the stability
of OH™ adsorbed species at the electron-deficient boron sites
of DFT-optimized structures.

(7)

Eags = Egraamsxaon (3*/4')~(Ecraamsx (3/4) + Eon)

where Eg oamx@on (3t/4v) a0d Egaamx(3/4) refer to the
energy of intermediates resulting from the OH™ adsorption on

3 and/or 4 and energy of catalysts 3 and 4, respectively; Eqy
is the energy of the OH™ ion in the gas phase.

Adsorption energy (E_,,) values of —1.6 and —1.4 eV have
finally been calculated for 3°™* and 4°H respectively
(Figure 3), with negative E_, values denoting stable adsorption
states. Furthermore, the Gibbs free energy variation (AG), cal-
culated at an applied potential of 1.23 V (pH 13) according to
the experimental conditions (see Section 2.5), showed that
OH~ adsorption was thermodynamically favored on 3°%" by
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Figure 3. Optimized graphlcally resized)  structures  of
(A) Gr@ArBpin@OH (3°"%) and (B) Gr@ArB(OH),@OH
(4°™#) intermediates associated with the respective calculated adsorp-
tion energies (E, 4, eV). Atoms color codes: C, light gray; H, white; O,
red; B, orange.

approximately 0.2 eV compared to 4°7 (Figure S8). The per-
formance of both catalytic species was further assessed by calcu-
lating the theoretical overpotential (1)) for the oxygen evolution
and reduction reactions (OER/ORR). This metric, nOR*/OER
(eq 8), defined as the difference between the equilibrium poten-
tial (U, = 1.23 V) and the thermodynamic limiting potential
(U, = AG,,,), must be considered inversely proportional to
the catalyst performance so that low 1 values signify high per-
formance and vice versa.

nORROER = Uy, (8)

where U, is the equilibrium potential (1.23 V) while Uj, also
defined AG,_, is the thermodynamic limiting potential of the
whole process (see Section 2.5).%”

In accordance with ORR/OER experimental outcomes on 3
and 4 and the superior (computed) affinity of Gr@ArBpin (3%)
species to interact with the OH™ adsorbate than Gr@ArB(OH),
(4%), catalyst 3* exhibits better performance in ORR (n°FR =
2.5 V) with respect to 4% (n°"® = 2.7 V) while an opposite trend
was computed for the OER process [n°F* = -0.3 V 15 —0.1 V for
Gr@ArB(OH), (4*) and Gr@ArBpin (3*%), respectively].

Further analyses on the models have revealed distinctions
between electronic and structural properties of boron-active sites.
Based on Bader’s theory,>>” we analyzed the charge of boron
atoms in the DFT-optimized 3* and 4* models. Electronic struc-
ture analysis indicated a substantial lack of differentiation
between B-sites (0.13e each), signifying that both of them (in
3* and 4%) possessed similar Lewis acidity and electron-
accepting capacity towards OH™ adsorbates. The main difference
is of structural nature. Deformation energy (E,.;) associated with
the dynamic structural evolution of B-active sites in the transition
from a trigonal planar (sp”) to a tetrahedral (sp*) geometry upon
B atoms binding the OH™ adsorbate showed a lower value
(1.8 €V) for 3% — 3°™* transition than 4% — 4°™* transition
(2.4 eV). The higher deformation energy (E,.) in the latter
was indicative of more pronounced distortion constraints around
the B-site disfavoring B-OH bond formation. Further supporting
this conclusion, the OH B atom interaction energy (E;,) was
slightly stronger on 4% (3.8 eV) than on 3* (34 eV).
Despite this, the overall adsorption was less favorable for catalyst

11665

4% because a 04 eV gain in E,, did not compensate for the
0.6 eV higher deformation energy (AE,). The Bpin moiety’s
rigidity imposes geometric constraints to 3* that limit structural
B-active site rearrangements upon OH™ binding, reducing defor-
mation penalties and stabilizing the 3°™* intermediate (see also
bond distances, angles, and dihedrals in Figure S9).

Therefore, the activity assessment of these metal-free systems
requires considerations of both the chemical surroundings of C-
BO, units and the dynamic structural evolution that B-active
sites may undergo during electrochemical cycling. The pro-
posed top-down synthetic approach (which introduces well-
defined boron-containing functional groups) has unveiled fun-
damental reactivity features for these groups that are over-
looked or even obscured in B-doped samples prepared by
classical bottom-up schemes.

4. CONCLUSIONS

In this work, we report the case of a top-down surface engineer-
ing protocol (exohedral functionalization) for the decoration of
ultrapure MWCNT samples with well-defined B-containing
functionalities. We directly linked specific boron functional
groups on carbon nanotubes to their catalytic performance in
oxygen reduction/evolution reactions (ORR/OER). Key find-
ings challenge the literature: generic BCO, groups (both ester
or acid) boosted a prevalent 4~ ORR pathway. Notably,
boronic esters [R-B(OR),] were superior to boronic acids [R-
B(OH),] as ORR electrocatalysts (E3 > E4n), while the latter
definitely outperformed in OER (E* , n}, > E3 , 1), where
they ranked among the top-performing B-doped electrocatalysts
for the process. These results underscore the critical and non-
innocent role of local chemical environment of generic CBO,
moieties, a factor overlooked from the literature to date.

DFT analyses on model 8 X 8 graphene (Gr) supercells func-
tionalized with pinacol ester [Gr@ArBpin; 3*] or phenylboro-
nic acid [Gr@ArB(OH),; 4*] dangling groups served to
balance the interplay between stabilization and structural defor-
mation energetics of OH™ adsorbate intermediates (3°™*# and
4°H%) a5 common descriptors of both electrochemical pro-
cesses. The stronger stabilization energy of 4°"* was not suffi-
cient to compensate for the large energy penalty required to
distort the boron site from trigonal planar (sp®) to tetrahedral
(sp®). The overall less favorable OH™ adsorption energy
explained the superior OER performance of the aryl-boronic
acid functionalized materials. In 3%, the rigid Bpin framework
minimized structural distortions upon OH™ binding, reducing
energy penalties in stabilizing the intermediate 3°™* and ulti-
mately enhancing its ORR activity.

In short, understanding the chemical and dynamic structural
properties of active species throughout catalysis is a key prereq-
uisite to uncover reaction mechanisms and guide to the design
of high-performance, carbon-based metal-free electrocatalysts.
Noteworthily, the top-down synthetic approach based on chem-
ical functionalization can be easily applied to other heteroatoms
beyond boron, hence significantly enlarging the impact of the
present work.
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perometric methanol tolerance response at 0.61 V vs
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ture; (Figure S7) Tafel plot of MW-B(OH), (4) for
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(Figure S8) Gibbs energy variations (AG, V) in the gas
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(Figure S9) optimized structures of Gr@ArBpin (3%)
and Gr@ArB(OH), (4*) along with the corresponding
OH-adsorbed intermediates (PDF)
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