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ARTICLE INFO ABSTRACT

Keywords: The interest for the electrodes based on conductive boron-doped diamond powder (BDDP) is increasing in recent
ORR years due to their excellent physical and chemical stability, the wide potential window in both aqueous and
Boron-doped diamond powder organic electrolytes, the relatively large specific surface area, and their versatility in comparison to boron-doped
Iron-based catalysts diamond thin film electrodes. These materials have been proposed as alternative cathode catalyst support due to
their high corrosion resistance when subjected to the highly positive potentials originated during the start-stop
operations in fuel cells, especially in automobiles. In this work, we present three BDDP supports with different
particle sizes and different surface oxygen contents as supports of different iron species for oxygen reduction
reaction in alkaline solution. BDDP supports were modified with carbon nitride (C3N4) or phthalocyanines (Pc) as
anchoring points for iron. The different electrocatalytic performance observed confirmed the strong influence of
the surface chemistry of the BDDP supports on the activity of the metallic sites for FePc samples while, for Fe-
C3Ny4 samples, the determining effect was the particle size of the BDDP support. Additionally, DFT calculations

were used to obtain some insights about the interaction of the FePc with the diamond surface.

1. Introduction

Fuel cells (FCs) convert chemical energy of fuel and oxidant into
electric energy. Unlike batteries, they do not need recharging as long as
fuel and oxidant are continuously supplied [1]. At the cathode of the
FCs, oxygen is reduced to produce water (1/202 + 2H" + 2e~ — H0)
[1] using an electrocatalyst. The sluggish reaction kinetics of Oxygen
Reduction Reaction (ORR) even on the best Platinum-supported carbon
(Pt/C) electrocatalyst requires high Pt loading (~0.4 mg cm™2) to ach-
ieve a desirable fuel cell performance. While Pt/C is commonly used as a
cathode catalyst for FCs, Pt is a scarce and expensive metal and the
electrocatalyst suffers from the corrosion of carbon support and CO
deactivation limiting the durability of FCs [2,3]. Especially, when
applied to automobiles, the cathode catalyst is exposed to highly posi-
tive potentials during frequent start-stop operations, causing harsh
deterioration by means of metal catalyst degradation and corrosion of
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carbon supports [2,3]. This deterioration results in a loss of Electro-
chemical Surface Area (ECSA), and consecutively a rapid failure of the
device [4]. In this regard, cathode development requires special atten-
tion to find the best catalyst and electrode structure to combine per-
formance and stability [5].

Boron-doped diamond (BDD) electrodes are known to exhibit wide
potential window in aqueous and non-aqueous electrolytes, low back-
ground currents, and extreme physical and chemical stability [2,3]. BDD
electrodes are usually prepared via chemical vapor deposition on
different flat plate materials as BDD thin film. Therefore, it is difficult to
obtain electrodes based on BDD with different shapes and configura-
tions. Then, Boron-doped diamond powder (BDDP) may help to solve
this problem [3]. BDDP electrodes obtained by growth of a BDD layer on
the surface of diamond powder (DP) are suitable for electrochemical
applications since it exhibits the sufficient electrical conductivity, large
surface area and can be produced at large scale. Recently, Kim reported
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that Pt/BDDP can be useful as a durable cathode catalyst for Polymer
Electrolyte Membrane Fuel Cell (PEMFC). They fabricated a unit cell
using the Pt/BDDP cathode catalyst and found that the decrease in Pt
loading during an accelerated long-term test (0.6 V at 90°C) was less on
the BDD support than on the Vulcan XC-72 or multi-walled carbon
nanotube supports [6]. Likewise, no changes in the voltammogram
shape were observed for BDDP based ORR catalysts during a potentio-
static cyclic test [3]. BDDP is a potential candidate for durable catalytic
support due to its nature of chemical inertness and thus can be applied to
durable cathodic materials of FCs. Moreover, BDDP of the desired par-
ticle size can be easily obtained because the size of the DP substrate can
be widely selected from the least several tens of nanometers to several
tens of micrometers which can be an advantage when the supports are
prepared with any metal contents. If transition metals are supported
more strongly on the BDDP surface, a more durable cathode catalysts are
expected to be obtained for FCs with improved stability with respect to
the carbon support. Finally, the electrochemical characteristics of BDD
based electrodes are known to depend on the type of surface termination
(oxygen or hydrogen) [7-9]. It is inferred that total area of BDDP/e-
lectrolyte solution interface enabling a faster apparent electron-transfer
rate for dopants at the BDDP electrode is dependent on surface chem-
istry of BDDP [7].

In this work, we present three BDDP with different particle sizes and
different surface oxygen and hydrogen contents as supports of iron
species in different arrangements of Fe-Ny type complex for ORR in
alkaline electrolyte. Finally, the role of the chemical environment of the
active sites and the interaction with the BDDP supports toward the ORR
performance is investigated.

2. Experimental
2.1. Materials

Potassium hydroxide in pellets (KOH, 85% WWR Chemicals); Iron
(IlI) nitrate 9-hydrate (Fe(NO3)3-9H20, 99.99%, Sigma Aldrich);
Dicyandiamide (CoH4N4, Wako Pure Chemical Industries); 2-Propanol
(C3HgO, 99.9%, Supelco); Nafion p-520 dispersion 5% w/w in water;
1-Propanol (Alfa Aesar). Iron(II) phthalocyanine (FePc, 90%) as well as
platinum supported on a graphitized carbon material (20 wt% Pt)
(named Pt/C) were used as received from Sigma-Aldrich. Fumion® FAA-
3 was used as an anion exchange material (counter ion bromide) and
was supplied by Fumatech BWT GmbH (Bietigheim-Bissingen, Ger-
many). Isopropanol (C3HgO, 99.5%), was also purchased from VWR
Chemicals. N, N-dimethylformamide (DMF), extra pure, was provided
by Scharlau. All aqueous solutions were prepared with ultrapure water
(18.2 MQ cm, Millipore® Milli-Q® water). Nitrogen gas (N3, 99.999%),
oxygen gas (02, 99.995%) and (Ha, 99.999%) were supplied by Carburos
Metalicos.

2.2. Preparation of BDDP materials

BDDP have been prepared using the procedure described elsewhere
[3]. This procedure consists in depositing a BDD layer on the surface of a
commercially available DP substrate by the microwave assisted plasma
chemical vapor deposition method (MPCVD) [10]. The carbon impu-
rities, consequence of the by-products of the CVD process, are removed
by heat treatment in air at 425°C for 5 h after the CVD process, which
oxidizes the BDDP surface (O-BDDP). The BDDP surface is converted for
hydrogen termination by hydrogen plasma treatment (H-BDDP) [7]. The
nomenclature for O-BDDP and H-BDDP samples includes the particle
size for each BDDP (i.e., O-BDDP-150 means O-BDDP with particle size
of 150 nm).

2.3. FePc/BDDP and Fe-C3N4/BDDP preparation

O-BDDP and H-BDDP supports were modified with carbon nitride
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(C3Ny4) or phthalocyanines (Pc) as anchor points for transition metals.
Specifically, iron (Fe) metal has been studied in this case. For the
preparation of the carbon nitride modified materials, Fe precursor (Fe
(NO3)3-9H,0) was introduced to obtain a nominal metal loading of 1 wt.
% during the synthesis, using 15 wt.% of dicyandiamide as the C3Ny4
precursor. The samples were subjected to a 4 h heat treatment at 520°C
with a heating rate of 5°C min~! in Ny-atmosphere (150 mL min 1),
resulting in Fe-C3N4/H-BDDP-150, Fe-C3N4/0O-BDDP-150 and Fe-C3N4/
O-BDDP-650. On the other hand, commercial Fe phthalocyanines (FePc)
were supported onto the BDDP substrates by using a widely used wet
impregnation method. An appropriate amount of iron complexes dis-
solved in DMF (0.1 mg mL™) was mixed with the BDDPs to obtain a
nominal metal loading of 1 wt.%. Afterwards, the solvent was evapo-
rated by infrared light at 250 W for about 3 h, resulting in FePc/H-BDDP-
150, FePc/O-BDDP-150 and FePc/O-BDDP-650 samples.

2.4. Physico-chemical, morphological and electrochemical
characterization

The surface chemistry of the different samples was studied by tem-
perature programmed desorption (TPD) experiments using a DSC-TGA
instrument (TA Instruments, SDT 600 Simultaneous) coupled to a
mass spectrometer (PRISMA PRO QMG 250 M1). The samples, previ-
ously dried at 120°C for 1 h, were heated from 120°C to 950°C with a
heating rate of 20°C min L. The carrier gas used was He (100 mL min 1),
TEM micrographs were recorded with a transmission electron micro-
scope model JEOL JEM-2010 (120 kV). X-ray Photoelectron Spectros-
copy (XPS) was used to analyze the surface composition using a K-o
spectrometer from Thermo Scientific, equipped with an Al anode.

Electrochemical characterization of the samples was performed in a
three-electrode cell in 0.1 M KOH electrolyte at 25°C and using an
Autolab PGSTAT302 with a dual mode biopotentiostat module (Met-
rohm, Netherlands). Glassy carbon electrode surface (GC, 5.61 mm
diameter, 0.25 em?) was employed as the working electrode (WE) for the
electrochemical characterization in a rotating ring-disk electrode
(RRDE, Pine Research Instruments, USA). Previously, GC was carefully
polished with alumina slurries and rinsed with ultrapure water. More-
over, the RRDE is also equipped with a second annular working elec-
trode, consisting of a Pt ring (0.19 cm?). Moreover, a graphite bar
(supplied by Mersen Ibérica) and a reversible hydrogen electrode (RHE)
immersed in the same electrolyte in a Luggin capillary were used as a
counter and reference electrode, respectively. The WE was prepared by
dropping a 1 mg mL~! dispersion of the catalysts ink in an aqueous
solution (20 vol.% isopropanol and 0.02 vol.% Fumion® in water). The
dispersion was previously homogenized via ultrasonication for at least
30 min. The amount of catalyst loading on the disk electrode was opti-
mized in 0.48 mg cm 2.

Electrochemical behavior in 0.1 M KOH N»-saturated solution was
first studied by cyclic voltammetry in a potential range from 0.0 V to 1.0
V at 50 mV s~'. Then, the electrocatalytic performance of the materials
towards the ORR was studied in 0.1 M KOH O»-saturated electrolyte by
linear sweep voltammetry (LSV), which consists of cycling between 1.0
Vand 0.0 Vatascanrate of 5mVs ™. In addition, 20 wt.% Pt/C was also
analyzed for comparison purposes. The potential of the Pt ring electrode
was kept constant at 1.5 V during all measurements to ensure that the
hydroperoxide anion (HO3) reaching the Pt ring was oxidized. Then, the
electrons transfer number (n) was determined as follows: n = (4 Iisk)/
(gisk + Lring/N), where Igjsk and Iiing are the currents measured at the disk
and ring electrodes, respectively, and N is the collection efficiency of the
ring electrode that has been experimentally determined to be 0.37. The
Tafel slopes were acquired from LSV experiments by plotting the po-
tential vs logarithm of the current (log ji) at low overpotentials (reaction
under kinetic control). Finally, long-term durability tests were carried
out by cycling between 1.0 V and 0 V for 200 cycles and a rotation rate of
1600 rpm at 50 mV s~ .
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2.5. Density functional theory (DFT) calculations

Density Functional Theory (DFT) calculations at B3LYP/6-31 g level
using Gaussian 16 software were carried out to understand and support
the observed experimental results. The model structure consisted of a
cluster of 82 carbon atoms with sp® hybridization saturated with
hydrogen. The concentration of boron is low enough to be neglected.
After, one of the terminal H was swapped to a terminal oxygen func-
tional group and the interaction energy with a FePc macromolecule was
studied. The model structure used for FePc consists of a macrocycle with
four pyrrole units with four carbon atoms attached in the ring linked
together by N bridges, and an iron metal atom coordinated with the
pyrrole nitrogen atoms in the center of the ring. The changes in energies
were calculated as the energy differences between the optimized struc-
tures of the final adduct and individual fragments energy and the en-
ergies are reported in eV (1 Hartree = 27.2114 eV).

3. Results and discussion
3.1. Physico-chemical and electrochemical characterization of BDDP

The SEM images, particle size distribution and conductivities of
corresponding BDDP samples were described elsewhere [3]. As reported
previously, the nanocrystalline BDD was deposited on the surface of the
DP substrate during the CVD process and the obtained BDDPs showed a
monomodal particle size distribution. The conductivities of BDDPs were
around 107! S em™! which reveals that the BDDP can be used as an
electrode material. The conductivity of BDDP increases with increasing
the average particle size of BDDPs while the type of surface termination
seems to affect little the electrical conductivities [7]. Indeed, the con-
ductivity of O-BDDP-650 is much higher than that of O-BDDP-150 [3].
In addition, BET surface area of O-BDDP-150 is 106 m? g~ which is a
relatively low value compared to conventional amorphous carbon ma-
terials, revealing low amount of carbon edge sites.

Fig. 1 and Table 1 show the results obtained from the TPD experi-
ments, in which the type and amount of gas evolved (mainly as CO or
CO») and the decomposition temperatures correlate with the nature and
amount of surface oxygen functional groups. The total amount of O
(Table 1) confirmed that the reduction treatment by MPCVD was
effective as it was reduced by about a quarter from initial O-BDDP-150
to H-BDDP-150. Furthermore, O-BDDP-650 sample presented a lower
amount of CO and CO»-type groups than O-BDDP-150, which is coherent
considering the lower surface area of this sample. According to the
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Fig. 1. TPD experiments for BDDP samples (20°C min~' and 100 mL min~’
He). (an online color version should be used).
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Table 1
Surface chemistry characterization obtained from the TPD experiments.

Sample CO (umol/g) CO; (umol/g) Total O (umol/g)
H-BDDP-150 300 - 300

O-BDDP-150 800 220 1240
O-BDDP-650 430 45 520

results from CO desorption (Fig. 1), O-BDDP samples present mainly
phenol and ether-like groups (600-750°C), as well as carbonyl groups
(650-950°C), whereas H-BDDP sample contains few oxygen functional
group of high stability. The presence of pyrone-type groups cannot be
discarded [11-13]. As can be observed from TPD deconvolution of CO
desorption (Fig. S1), phenol-like species are the most abundant surface
oxygen groups on O-BDDP other than those present in the reduced
sample (H-BDDP). Furthermore, O-BDDP samples contain some lactone
groups (550-800°C) while they are not observed in H-BDDP sample from
CO4, desorption.

Fig. 2a shows the cyclic voltammograms (CVs) of the BDDPs. The
double layer observed for O-BDDP-150 is larger than for H-BDDP-150
due to the higher presence of surface oxygen functional groups, which
increased the wettability. Furthermore, the double-layer current
observed for O-BDDP-650 was lower than for O-BDDP-150 because of its
lower surface area. Fig. 2b shows the LSV obtained for these BDDPs
during ORR. All electrodes show a low electrochemical activity for this
reaction; however, the O-BDDP-650 shows lower limiting current den-
sity, n and onset potential for ORR than H-BDDP-150 and O-BDDP-150.
It is known that the activity of carbon edge sites is much higher than
those of carbon basal planes toward ORR [14,15]. Thereby, the lowest
ORR activity of O-BDDP-650 is because of the lower amount of carbon
edge sites due to its larger particle size than H-BDDP-150 and
O-BDDP-150. Zhong et al. reported that a combination of the carbon
edge sites and electron transfer resistance ultimately determine the ORR
performance [16]. In case of BDDPs prepared in this work, the edge
carbons seem to dominate the ORR due to the low electron transfer
resistance of BDDPs [16].

When the activities of H-BDDP-150 and O-BDDP-150 samples are
compared, limiting current density of H-BDDP-150 is slightly higher
than O-BDDP-150 while the onset potentials of these samples are
similar. Since H-BDDP-150 is a sample reduced by hydrogen, it seems
that ORR activity is slightly decreased by oxygen containing functional
groups on BDDPs [17]. Overall, the particle size of BDDPs seem to be a
more dominant factor than those of surface chemistry in BDDP samples
for ORR activities.

3.2. BDDP as catalyst support for ORR

Due to the extraordinary properties mentioned above, such as wide
stability potential window and low background current, BDDP sub-
strates can be also applied as a model carbon support for fundamental
electrochemical and electrocatalytic studies. This section presents the
modification of H-BDDP-150, O-BDDP-150 and O-BDDP-650 samples
with carbon nitride (C3N4) or phthalocyanines (Pc) as anchor points of
active catalytic sites. Specifically, iron species are studied in two
different arrangements of Fe-Ny type complexes (Fe-C3N4 and FePc) to
deeply understand the role of the chemical environment of the active
sites and the interaction with the BDDP supports in the electrocatalytic
performance. It is worth noting the relevance of the chemical nature of
the environment of the central metal atom, which must be carefully
selected for the reaction under study.

Macrocyclic metal complexes are widely known as electron transfer
mediators for multiple reactions [18]. During the last few years, iron
metal on M-Ny4 systems have shown remarkably prominent performance
towards the ORR. Due to their excellent catalytic behavior and elec-
trochemical richness, they have been extensively studied for different
applications especially as electrocatalysts for fuel cell devices and have
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Fig. 2. (a) Cyclic voltammograms in N, atmosphere in 0.1 M KOH electrolyte, (b) LSVs during ORR on the disk electrode and (c) number of electrons transferred per
oxygen molecule for the different BDDP and the commercial Pt/C catalyst recorded in O-saturated 0.1 M KOH solution at electrode rotation rate of 1600 rpm. Scan

rate of 5mV s ~ L. (an online color version should be used).

been supported on a wide variety of carbon-based materials in recent
years [19]. However, from the best of our knowledge, this is the first
time that Fe-Ny based samples are studied from a fundamental point of
view supported on BDDP substrates with different size and surface
chemistry.

3.2.1. Structural and morphological characterization of Fe-CsN4/BDDP
and FePc/BDDP composites

The structural and morphological properties of the Fe-C3N4/BDDP
and FePc/BDDP composites were analyzed by Raman spectroscopy and
TEM measurements. Firstly, Raman results in Fig. S2 show slight
changes of all BDDP spectra when Fe-catalysts were supported. Fig. S2b,
¢ reveal two main contributions at 1340 cm ™! and 1600 cm ™}, for both
H- and O-terminated BDDP substrates with the same particle size (H-
BDDP-150 and O-BDDP-150, respectively), before and after supporting
the Fe-species, which are directly associated with the D and G-bands for
graphite-related materials [20,21]. In addition, 2D and D + G charac-
teristic modes at around 2700 cm ' and 2900 cm™! [22] are also
observed in the second order region in the Raman spectra in Fig. S2a for
these samples. These results suggest that both BDDP-150 supports
contain Csp? graphitic impurities, probably as by-products of the CVD
treatment [3,23]. After the incorporation of FePc molecules, the width
of the D band increases. The presence of a shoulder at around

1500-1550 cm ! and small wide bands at around 1750 cm ™! and 2070
cm™! can be also related to interstitial disorder/defect sites and struc-
tural changes due to the interaction between FePc molecules and surface
C atoms. Nonetheless, n-n stacking interactions between the aromatic
system of FePc molecules and the graphitic residues should not be ruled
out. Interestingly, the increase of the width of the D band observed for
Fe-C3N4/BDDP-150 samples was slightly higher than that observed for
the FePc modified materials. This is in agreement with the higher size of
a C3Ny flake in comparison with Pc, that might be forming polymeric
domains over the BDDP particles. Furthermore, the characteristic 2D
and D + G modes were not observed in Fe-C3N4/BDDP samples.
Interestingly, O-BDDP-650 substrate, with the highest particle size,
shows a very different pattern in Fig. S2d. A sharp band centered at
around 1320 cm™! can be observed related to diamond Csp® contribu-
tion [23], which means that the content of graphite domains was lower
compared to BDDP-150 supports. In this case, FePc loading did not
modified the spectrum significantly. However, when C3Ny is synthesized
over the O-BDDP-650 support, the band observed is broad and it is
centered at frequencies corresponding to Csp? contribution. This implies
that the C3Ny4 sheets might be efficiently covering the BDDP surface,
especially when it is synthesized over particles with larger sizes.
Therefore, the particle size seems to significatively affect the structural
quality of BDDP supports and, consequently, their interaction with the
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iron species.

Fig. S3 shows TEM images of BDDP supports and BDDP modified
composites. Comparing H-BDDP and O-BDDP substrates (Figs. S3a-c),
the surface of O-BDDP is rough due to their higher degree of oxidation
while H-BDDP-150 showed a smoother morphology. Some dark aggre-
gates are observed in FePc/H-BDDP-150 with a particle size between 2
and 3 nm, while for FePc/O-BDDP-150 aggregates presented higher
particle sizes (3-4 nm) due to partial aggregation of FePc molecules
(Figs. S3d-f). This might indicate a worse distribution of the FePc mol-
ecules in the presence of the oxygen functional groups. For FePc/O-
BDDP-650 catalyst, no clear agglomeration is observable by TEM. On
the other hand, Fe-C3N4/BDDP samples (Figs. S3g-i) did not show sig-
nificant differences compared to the pristine materials (Figs. S3a-c).
Metal nanoparticles detectable by TEM were not observed, so iron spe-
cies seem to be highly dispersed and stabilized by the C3N4-type domains
formed.

The presence of C3N4-type species was confirmed with the N 1 s XPS
spectra for the Fe-C3N4/BDDP samples (Fig. S4). N 1 s spectra for C3Ny4
can be deconvoluted into three peaks [24,25]. The contributions to the
spectra presented equivalent binding energies to bare C3N4 (398.6,
399.8, and 401.0 eV). The presence of iron induced higher contributions
than bare C3Ny for the peak at ~399.8 eV since N bonded to metal as
M-Ny species show a contribution at around 399.5 eV [26].

3.2.2. Electrochemical characterization

3.2.2.1. Fe-C3N4/BDDP. CVs of the Fe-C3N4 modified samples are pre-
sented in Fig. 3a. The double layer charge observed for all the samples
was higher after the modification with the C3N4 species, especially for
BDDP-150 samples (Fig. 2a and Fig. 3). This might be related to the
introduction of some rugosity in the surface of the BDDP particles
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because of the formation of C3Ny-type nanodomains, and to a modifi-
cation of the wettability due to the presence of nitrogen polar groups in
the C3Ny4 that may increase the hydrophilicity.

The asymmetric like shape of the CV for C3N4/0-BDDP-150 sample
(Fig. 3b) agrees with some pseudocapacitance contribution, like what is
observed in N-containing carbon materials in alkaline conditions [27,
28]. CV  of Fe-C3N4/O-BDDP-150 sample compared to
C3N4/0-BDDP-150 (Fig. 3b), reveals that the faradic contribution
observed at around 0.2 V can be related to the Fe!'/Fe redox process [29,
30]. Interestingly, Fe'l/Fe!! redox process was only observed for Fe-Ca.
N4/O-BDDP-650 at around 0.7 V (Fig. 3a), which might indicate a
different Fe chemical environment when C3Ny is prepared over larger
particles (~650 nm). For BDDP-150 samples (Fig. 3b), Fel''/Fe!! transi-
tion seems to be unfavorable while Fe'/Fe' transition was clearly
observed. Interestingly, the cathodic peak potential of the Fel/Fell
transition is an important factor for describing the catalytic activity of
FeNy systems towards the ORR [31]. The fact that this redox process was
only observed for Fe-C3N4/O-BDDP-650 suggests that this may be the
electrocatalyst with the higher activity for this reaction. However, the
low potential value for this material (Table 2) may indicate that,
compared to FePc samples (see below), this is the electrocatalyst with
the poorest charge transfer between the substrate and the redox species,
which usually leads to poor catalytic performance.

Regarding the electrocatalytic activity towards the ORR, all samples
improved Eonsgr potentials in at least 50 mV when BDDP supports were
decorated with Fe-C3N4 species (Table 2 and Fig. 3c). Although rela-
tively high Eonser potentials were achieved (up to 0.85 V), low current
densities were obtained for BDDP-150 samples. The current density was
limited by the selectivity with values close to 50% production of HzO5.
The differences in selectivity between Fe-C3N4/H-BDDP-150 and Fe-
C3N4/0-BDDP-150 were similar to those observed for the supports (H-
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Fig. 3. (a) Cyclic voltammograms for Fe-C3N, modified samples and (b) O-BDDP-150, C3N4/0O-BDDP-150 and Fe-C3N,4/0O-BDDP-150, recorded in Nj-saturated 0.1 M
KOH at 50 mV s %. (¢) ORR polarization curves and (d) number of electrons transferred (n) per oxygen molecule derived from the RRDE tests during the ORR in O,-
saturated 0.1 M KOH solution at electrode rotation rate of 1600 rpm. Scan rate of 5 mV s~L. (an online color version should be used).
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Table 2

Electrochemical data of H-BDDP-150, O-BDDP-150, O-BDDP-650 and each
respective composite with FePc molecules, together with comparison with Pt/C,
in N, or Os-saturated 0.1 M KOH solution.

Catalyst E° (Fe/Felh) (V Eonser (V vs n® Tafel slope (mV
vs RHE) RHE) dec™)

pPt/C - 0.97 3.9 55

H-BDDP-150 - 0.76 2.4 80

O-BDDP-150 - 0.77 2.3 80

0O-BDDP-650 - 0.74 2.2 78

Fe/C3N4/H- - 0.85 3.4 61
BDDP-150

Fe/ C5N4/O- - 0.82 31 75
BDDP-150

Fe/ C3N4/0- 0.70 0.79 3.8 72
BDDP-650

FePc/H-BDDP- 0.82 0.92 3.9 35
150

FePc/O-BDDP- - 0.89 3.9 72
150

FePc/0O-BDDP- 0.79 0.86 3.8 61
650

2 Determined at —0.1 mA cm 2,

b Determined at 0.7 V vs RHE.

BDDP-150 and O-BDDP-150, respectively) (Fig. 3d); then, the selectivity
of Fe-C3N4/BDDP-150 samples may correspond to the combination of
the contribution of BDDP sites and Fe-Ny sites, which usually behave as
4-electron pathway sites [32-35]. Therefore, part of the BDDP surface is
probably not covered by the C3N4 domains. However, Fe-Cs.
N4/0-BDDP-650 sample presented an excellent selectivity towards the
4-electron pathway, which is especially remarkable considering that
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O-BDDP-650 has the highest selectivity between the three BDDP sup-
ports towards the 2-electron pathway. This suggests that, in this case,
Fe-C3N4 domains cover most of the BDDP surface as suggested by Raman
characterization. The current density achieved by this sample is com-
parable to the commercial Pt/C electrocatalyst (Fig. 3c) but the Eonsgr
potential is quite lower. These observations agree with other in-
vestigations which indicate that Fe-C3N,4 might not be as active as other
transition metals (e.g., Cu-C3N4 or Ni-C3Ny) [36,37].

Tafel plots are shown in Fig. S5. BDDP samples before modification
showed equivalent Tafel slopes. After the modification with the Fe-C3Ny4
species, the electron transfer was improved in all the samples as ex-
pected due to the high affinity of Fe-Ny sites for O. Nevertheless, the
different surface chemistry of H-BDDP-150 and O-BDDP-150 samples
induced changes in the electron transfer, where the reduced surface of
Fe-C3N4/H-BDDP-150 led not only to the best Eqnsgr but also to an
improved electron transfer compared to Fe-C3N4/O-BDDP-150. How-
ever, despite the improvement of the Egnsgr, Fe-C3N4/H-BDDP-150
sample activity was very limited due to the non-homogeneous covering
of the BDDP nanoparticles. The lowest Tafel slope value was observed
for Fe-C3N4/0O-BDDP-650; this suggests that for this electrocatalyst the
homogeneous formation of Fe-C3Ny4 in the larger BDDP particles is a
more relevant parameter than the surface chemistry of the BDDP ma-
terials. The fact that the influence of the surface chemistry in the cata-
lytic activity of the Fe-C3N4 samples is minimal compared to the effect of
the particle size may be related to the heat treatment applied for the
synthesis. At the synthesis temperature, the interactions with the oxygen
functional group might be less relevant while the size of the BDDP
nanoparticle is what truly determined the quality of the C3N4 sheet
formed and, therefore, the catalytic activity of the iron species.
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Fig. 4. (a) Cyclic voltammograms and (b) magnification of the CVs in (a) in the potential range of Fe'/Fe!! redox process of FePc/H-BDDP-150, FePc/O-BDDP-150
and FePc/O-BDDP-650 samples, recorded in Np-saturated 0.1 M KOH at 50 mV s (c) ORR polarization curves and (d) number of electrons transferred (n) per
oxygen molecule derived from the RRDE tests during the ORR for Pt/C, H-BDDP-150, O-BDDP-150, O-BDDP-650, FePc/H-BDDP-150, FePc/O-BDDP-150 and FePc/O-
BDDP-650 catalysts in O»-saturated 0.1 M KOH solution at electrode rotation rate of 1600 rpm. Scan rate of 5 mV s~L. (an online color version should be used).
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3.2.2.2. FePc/BDDP. Fig. 4 shows the electrochemical behavior and the
RRDE measurements towards the ORR for the FePc/H-BDDP-150, FePc/
O-BDDP-150 and FePc/O-BDDP-650 electrocatalysts, in Ny and Oo-
saturated 0.1 M KOH electrolyte, respectively. The electrochemical and
electrocatalytic responses of the commercial Pt/C catalyst is also shown
in Figs. 4c,d for comparison purposes.

Firstly, the electrochemical CV profiles in Figs. 4a,b show a high
sensitivity to the surface termination and the size of the BDDP substrates
used as catalyst support. Typically, FePc molecules also originate two
redox processes due to the metal center and related to Fe'/Fe! and Fe''l/
Fe! transitions [29,30], in which the cathodic peak potential of the last
process (i.e., Felll/Fe!! transition) is an important factor for describing
the electrocatalytic activity towards the ORR [31], as it has been
mentioned above. It is worth mentioning that the first redox process
(Fe'l/Fel) is shifted in all FePc-containing samples towards less positive
potentials compared to previous studies in alkaline electrolyte [38,39],
possibly induced by the effect from the BDDP substrate regardless of
their surface chemistry. Interestingly, the second redox process (Fe'll/-
Fe') (oxidation and reduction peaks marked with colored arrows in
Fig. 4b) seems to be less favored when O-BDDP substrates are used as
support, since it has been previously demonstrated that oxygen func-
tional groups in BDD seem to be detrimental to charge transfer between
the substrate and the redox species [40]. Accordingly, this effect is
especially evident for the FePc/O-BDDP-150 catalyst, in which Fe'l/Fe!!
redox peaks are not clearly distinguished, in close agreement with the
higher oxygen content of the O-BDDP-150 support determined by TPD
measurements. Furthermore, the amount of Fe electrochemically active
(Fe'l/Fe! transition) is also lower for this sample, which might be related
to higher aggregation of FePc in presence of a larger amount of surface
oxygen functional groups. In this sense, Fe''/Fe!! voltametric redox
peaks are more reversible and well-defined on H-BDDP-150 support
under the studied conditions, indicating faster electron transfer and both
better interaction and distribution of FePc molecules.

Unlike the Fe-C3Ny catalyst, the effect of the surface chemistry of the
BDDP support plays a critical role when FePc is used. As mentioned
above, the reduced support H-BDDP-150 offers the best conditions for
FePc catalyst, where it seems that the active iron sites are more available
with no significant influence of the remanent oxygen functional group in
the support. However, the lower catalyst-support interaction could also
be adverse for the long-term stability of the catalyst. Despite several
reports in the literature have studied the incorporation of oxygen
functional groups on sp?-carbon-based supports as anchor points for
axial coordination of FePc molecules [38,41], the present work suggests
a better response of FePc molecules on reduced BDDP substrates. In this
sense, although some specific oxygen functional groups have been
proposed to coordinate with FePc molecules (especially C-O-H or C-O-C
species) [38,41], the catalytic results in Fig. 4 suggest that such axial
coordination on BDDP support does not have a beneficial contribution,
which could promote strong interactions in localized points on the
surface oxygen functional groups, leading to higher stacking of FePc
molecules and, therefore, lower amounts of electrochemically active
iron . Nonetheless, it should be mentioned that the presence of some
content of oxygen functionalities is also essential to improve the
wettability and electroactivity in aqueous solvents [42-44]. Actually,
some studies have also proven a fast electron transfer and more stable
electrochemical responses for O-terminated BDD electrodes than for
H-terminated ones despite the additional surface conductivity provided
by H-termination [45]. However, different preparation factors should be
optimized (i.e., boron content, low nondiamond carbon, etc.). There-
fore, a compromise must be reached between the amount of incorpo-
rated oxygen functional groups and the proper electron transfer of the
resulting BDDP support to achieve an optimal interaction with other
redox species, such as FePc molecules, together with a good electro-
chemical response. This compromise seems to be superior for FePc
molecules when supported on H-BDDP-150, which is the support with
the lower amount of oxygen functional group.
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In general, a clear improvement of the ORR performance is seen for
all Fe-related samples in terms of Eonsgr and selectivity towards the
most energy efficient 4-electron process for the ORR in alkaline medium,
compared to the BDDP substrates. The electrochemical parameters
derived from the RRDE measurements are also listed in Table 2 and
compared to the commercial Pt/C electrocatalyst. Contrary to what was
observed for Fe-C3N,4 based materials, the observed catalytic differences
for FePc samples suggest a greater influence of the surface chemistry of
the BDDP support on the electrocatalytic performance.

Specifically, FePc supported on H-BDDP-150 shows the best catalytic
activity with an onset potential of 0.92 V and an extraordinary selec-
tivity towards the 4-electron pathway, with a catalytic behavior close to
the commercial Pt/C catalyst. Contrary to what was observed for Fe-
C3N4/H-BDDP-150 sample, the reaction is completely determined by Fe
active sites as the selectivity observed in the whole range of potential
noticeably corresponds to FePc complexes and the limiting current
density is reached at around 0.75 V. These results showed that the H-
BDDP-150 support is probably homogeneously covered with FePc mol-
ecules because the contribution of the BDDP sites was not observed.
These promising electrocatalytic results are also supported by the lowest
Tafel slope (at low overpotentials, i.e., kinetic control region) seen in
Fig. S5 and reported in Table 2. Tafel slopes close to 40 mV dec ™! are
expected for FePc systems in which the dioxygen molecules adsorption/
activation is the rate-determining step [46]. Higher values of Tafel
slopes are observed for FePc/O-BDDP-150 and FePc/O-BDDP-650,
which indicate a poorer electron transfer during the ORR in the pres-
ence of oxygen functional groups [17]. Therefore, a low amount of ox-
ygen functional group in the H-BDDP-150 support for decorating FePc
seems to be an important factor for achieving higher catalytic activities.
For FePc/O-BDDP samples, the contribution of the support to the
selectivity is clearly observed (Fig. 4d), which might be related to a less
homogeneous distribution of the FePc.

Regarding the effect of the particle size of the BDDP support, it is also
important to mention that FePc/O-BDDP-150 catalyst did not display
the Fe''/Fe! redox transition (Figs. 4a,b) and the amount of Fe elec-
trochemically active seems to be lower than that of FePc/O-BDDP-650
sample. Eonsgr potentials were similar but FePc/O-BDDP-650 sample
reached higher current densities at high overpotentials, which is in good
agreement with the higher amount of Fe electrochemically active
observed in CV experiments. This may be related to the larger size of the
0-BDDP-650 particles, that may allow a better distribution of FePc
complexes with less aggregation. Therefore, the performance of FePc is
mainly determined by the surface chemistry, although the particle size
of the BDDP support shows some influence on the catalytic behavior
towards the ORR.

3.2.2.3. Stability tests. Once the effect of the surface chemistry and the
particle size of BDDP supports have been discussed in depth in the
previous sections, the materials with the best electrocatalytic perfor-
mance, both from FePc and Fe-C3Ny-related samples, were submitted to
stability tests under operating conditions. In the light of the previous
comments, despite the best electrocatalytic results are observed for
FePc/H-BDDP-150, the poor interaction of FePc macromolecules with
the H-terminated BDDP electrodes has triggered a clear drop in its cat-
alytic performance after operating for 200 cycles (Fig. 5) in terms of
EonseT, limiting current density and selectivity. Therefore, changes in
the nature or lixiviation of the active sites are not ruled out after 200
cycles. Much better results are observed for Fe-CsN4/O-BDDP-650
catalyst with a catalytic behavior that remained almost unchanged after
the stability test, which indicates that the chemical environment of the
active sites should be of the same nature as before the test. As mentioned
above, the catalyst-support interaction is key for long-term stability of
the catalysts, so the heat treatment applied for the synthesis of the Fe-
C3N4 may have induced a strong interaction with the support, pre-
venting the dissolution of the iron species. TEM images after the stability



G. Alemany-Molina et al. Electrochimica Acta 446 (2023) 142121

(a) (b)

() F =—FePc/H-BDDP-150 before test
seves FcPc/H-BDDP-150 after test

.1k —FeGN 4/O-BDDP-650_beflore test
seses Fe-CyN,/O-BDDP-650_after test

40 _\ e, <K 3

Feesesserv N TIYTIIN
.

‘.

. ML
4 one XS
evter ., LLT PO

3-5 B ""'n-..' ."‘nu. 1

=30

T
1

..
3 s aveert i ee
=3 o

.0
®reseces, este*
tean®

1 G| fm— FePc/H-BDDP-150_before test
’ sesse FePc/H-BDDP-150_after test

-5 4 =———Fe-C;N,/O-BDDP-650_before test
| | | | 20k seeee Fc-C3lN4/O-BDDP-6.Ii()7aflcr test | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
E/V vs RHE E/V vs RHE

Fig. 5. (a) LSV durability test and (b) number of electrons transferred per oxygen molecule derived from the RRDE tests during the ORR for FePc/H-BDDP-150 and
Fe-C3N4/0-BDDP-650 samples, before and after 200 cycles, in Op-saturated 0.1 M KOH solution at electrode rotation rate of 1600 rpm and a scan rate of 50 mV sL
(an online color version should be used).

test are displayed in Fig. S6. The absence of small aggregates in Fig. S6a, and to the support (Fig. S3c), what indicates that there are not signifi-

compared to Fig S3d, confirms the lixiviation of iron for FePc/H-DBBP- cant changes in the electrocatalyst after the stability test, what is in
150 catalyst after 200 cycles under operating conditions. Interestingly, agreement with the observed stability. In view of these results, it could
TEM image for Fe-C3N4/O-BDDP-650 (Fig. S6b) does not show signifi- generally be stated that H-termination provides higher surface conduc-
cant differences compared to the catalyst before the reaction (Fig. S3i) tivity, which is beneficial for ORR activity, but the interaction with the

(b)

Fig. 6. Optimized molecular structures of FePc interacting with a H-saturated and -OH substituted diamond cluster. H is white, C is gray, N is blue, O is red, and Fe is
orange. (an online color version should be used).
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FePc is not strong enough to obtain a stable catalyst. Nevertheless, low-
temperature treatments can be used to extend phthalocyanine-based
catalysts to long-term applications [47].

Furthermore, chronoamperometric at 0.65 V to evaluate methanol
poisoning were performed. For Pt/C electrode, the addition of methanol
caused a rapid drop of the current due to CO poisoning. However, both
FePc/H-BDDP-150 and Fe-C3N4/0-BDDP-650 samples showed excellent
methanol tolerance (Fig. S7).

3.2.3. Computational calculations

The effect of the surface chemistry has been found to be critical,
especially for the FePc catalyst supported on BDDP. The interaction with
the different surfaces has produced a very distinct distribution of the
FePc complexes. To deepen into these experimental observations, DFT
calculations were performed to obtain some insights about the interac-
tion of FePc and diamond surface.

Figs. 6a,b and Figs. 6e,F show the axial interactions between a FePc
molecule with a cluster of diamond H-saturated and how the substitu-
tion of an atom of H for a -OH functional group affects the system. In the
FePc macromolecule, iron is coordinated to the Pc by 4 nitrogen atoms.
In the bottom, FePc interacts with the diamond cluster and the upper
position remains free for the interaction with molecular O5 in the ORR. It
was observed that the distance between the two flakes was reduced
almost 0.4 A when the -OH functional group is present, which means
that a stronger interaction is taking place after the substitution. How-
ever, the stabilization energy when O is present is low (~0.1 eV) as the H
atoms of the (111) surface are still hindering the interaction. Also, when
oxygen functional group is present, the FePc is reoriented for a better
interaction of the phthalocyanine center with the oxygen (Figs. 6¢,d).
Despite the reorientation of FePc, the Fe-O coordination is not possible
due to the strong repulsion caused by the H-terminated surface. The low
interaction of the FePc molecule with the H-saturated surface agrees
with the poor stability observed in the durability test for FePc/H-BDDP-
150 sample. Fig. S8 shows the interaction of the FePc with a carbonyl
substituted diamond cluster. In this case, the interaction observed was
slightly lower. This might be related to the shorter bond distance in the
carbonyl functional group (Cgiamond=0: 1.25 A) compared to the Cgja-
mond-OH bond (1.47 [o\), aggravating the H-surface hinderance to the
FePc as the oxygen atom is closer to the diamond cluster.

The DFT results suggest that FePc in BDDP with oxygen functional-
ities may present higher durability as the interaction with this groups is
stronger. However, the catalysts studied with oxidized surface chemistry
(FePc/O-BDDP-150 and FePc/O-BDDP-650) showed much lower activ-
ity because FePc agglomeration occurs. This agglomeration might be
taking place around the O-functional groups, where the FePc interacts
stronger. Finally, the excellent electron transfer observed for FePc/H-
BDDP-150 may be associated to the interaction of the FePc with the
Csp? impurities as the interaction with the diamond surface is weak and
the distance between flakes is not low enough for a proper electron
transfer.

4. Conclusions

BDDP materials are emerging as very interesting carbon-based sup-
ports for electrocatalytic reactions where the durability of the material is
limited by carbon corrosion due to the high potentials to which the
electrode is exposed. Deep understanding of BDDP properties when used
as catalyst support is important for the efficient design of robust cata-
lysts for potential energy and environmental applications. In this case,
we have focused on the role of BDDP properties on the catalytic per-
formance of different Fe species towards the ORR.

The results show that the interaction between the active phase and
the BDDP support determines the performance of the materials when
modified with FePc or Fe-C3N4 species as it strongly influences the
charge transfer between the support and the active sites. The
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electrocatalytic performance, especially for FePc species, was affected
by the surface chemistry of the materials. In fact, the expected catalytic
activity values for FePc systems were only observed for FePc/H-BDDP-
150, while the FePc/O-BDDP samples presented much lower electron
transfer. For Fe-C3Ny species, the main parameter affecting the catalytic
performance was the particle size, where larger particles (O-BDDP-650)
allowed a better and homogeneous formation of C3Ny4 layers and an
excellent selectivity towards the 4-electron pathway. Probably, in this
case, the temperature used for the synthesis of the Fe-C3N4 species
minimizes the effect of the different surface chemistry.

Regarding the intrinsic electrocatalytic properties of iron coordi-
nated by N, it was observed a superior performance of FePc than Fe-C3N4
in both selectivity and onset potentials. While the performance of FePc
with just 1 wt.% of metal was almost equivalent to the commercial
catalyst (20 wt.% of Pt), Fe-C3N4 showed poorer activity, which is
coherent with other investigations that suggest that, with carbon nitride
coordination, other metals may present higher activity towards the ORR,
probably due to a more efficient ligand to metal center interaction.
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