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Graphiticity and porosity are two marvelous properties desired in
carbon support materials for electrocatalytically active materials.
However, simultaneously incorporating the aforementioned proper-
ties is deemed incompatible with thermally induced carbon synthesis.
A unique approach to realizing carbon materials with such dual
properties at the same time is the use of porogen templates. In this
study, g-C3N, is pyrolyzed with the aid of metallic Mg to produce
highly graphitized N-doped carbon endowed with abundant MgsN,
sites. Notably, the self-generated MgzN, in the carbon matrix acts as
a template for a unique honeycomb-like porous structure after
etching of the porogen. Thus, the honeycomb-like N-doped graphi-
tized carbon (HNGC) is found to be an effective support material for
anchoring PtCo alloy nanoparticles which improved the mass trans-
port pathways, resulting in a high peak power density in polymer
electrolyte membrane fuel cell (PEMFC) operation. In addition,
HNGC's high graphiticity enables it to withstand the harsh conditions
of the DOE accelerated durability test (ADT), while the N-doping
enhances its mass activity (MA), contributing to excellent support
durability and catalytic performance.

Carbon materials have played a prominent role in various
electrochemical applications such as electrocatalysis and
energy storage because of their good electrical conductivity,
high surface area, and low cost.»” These properties of carbon
materials can be attributed to three main factors namely;
graphiticity, porosity, and heteroatom doping.?

The classical synthesis of carbon materials requires high-
temperature pyrolysis of carbon precursors above 700 °C in an
inert atmosphere.* Most importantly, pyrolysis at temperatures
>2000 °C is necessary to achieve a highly graphitized structure.
Yet, this is achieved at the detriment of porosity and heteroatom
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doping concentration.>® Thus, a balance between the three
factors mentioned earlier is crucial to attaining high efficiency
in electrochemical reactions.

The carbon-based materials have been used as metal-free
catalysts for many electrochemical reactions such as oxygen
reduction reaction (ORR), hydrogen evolution reaction (HER),
and CO, reduction reaction (CO,RR).”® The activity of metal-free
carbon is enhanced by controlling heteroatom doping,
morphology, and chemical functionalization.® Especially, in
ORR, carbon atoms near to pyridinic-N were suggested as active
sites, providing two possible reaction pathways; 2 + 2- and 4-
electron mechanism.*

In practical polymer electrolyte membrane fuel cells
(PEMFCs), carbon is generally applied as a support material to
disperse Pt-based nanoparticles (NPs). The properties of the
carbon support directly impact the catalytic activity and dura-
bility of Pt NPs.'®"* The graphiticity of carbon improves its
conductivity and oxidation resistance under the high potential
(E > 1.44 Vgyg) during the start and stop operations of
PEMFC."”™" Heteroatom dopants such as N,"*"® S, and P*®
typically exhibit a strong interaction with Pt NPs which subse-
quently leads to an enhancement in the activity and stability. In
addition, mesoporosity (2-50 nm) and macroporosity (>50 nm)
facilitate mass transfer and water management in practical
PEMFC applications.*

Template-assisted carbon synthesis offers a uniform and
modifiable porous structure.>*?* Inorganic templates such as
MgO, NaCl, and SiO, with unique properties have aided in
creating mesopores in the range of 2 to 20 nm. However, the
preparation and removal of these templates can be tedious,
time-consuming, and expensive, leaving researchers to find
alternative template materials. In this respect, self-templated
synthesis, where the templates are generated in situ, has been
identified as a simple and effective route to substitute the
cumbersome extra preparation methods.

Herein, we report a novel approach involving the combina-
tion of metallic Mg powder and g-C;N, for the creation of
a highly graphitized N-doped carbon material with

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic illustration of the mechanism for the preparation of HNGC-X (X stands for the carbonization temperature). (b) SEM and (c)
TEM images of HNGC-750. (d) TEM image of microtome sections of epoxy embedded HNGC-750. Black dots (yellow arrow) dispersed over
HNGC-750 are epoxy particles for microtome cutting. (e) SEM image for HNGC-750-BE.

a honeycomb-like porous structure created through the etching
of in situ-generated Mg;N, sites. The honeycomb-like N-doped
graphitized carbon (HNGC-X) serves as a support for PGM
catalysts in PEMFC. Interestingly, the synchronous N-doping
and graphiticity enhanced the ORR kinetics, electrical conduc-
tivity, and stability of as-synthesized PtCo NPs.

The formation mechanism for the HNGC-X can be explained
from the viewpoint that when metallic Mg powder and g-C3N,
are heated together, Mg firstly destabilizes the C-N bonds and
takes N atoms from g-C;N, to generate Mgz;N, owing to the
highly electropositive nature of Mg as illustrated in Fig. 1a.>***
Meanwhile, the N-deficient g-C;N, moieties concurrently react
together, leading to the formation of highly graphitized carbon
layers which are separated by in situ generated Mg;N, particles.
The Mg;N, particles can then be easily etched out to generate
abundant mesopores embedded in the resulting carbon matrix.
Thus, the self-generated Mg;N, template provides a honey-
comb-like carbon structure. The highly graphitized carbon
derived also holds residual N atoms not coordinated with the
Mg atoms. This facile synthesis can simultaneously control the
three key features desired in carbon materials namely; graph-
iticity, N-doping, and porosity.

Pristine g-C3;N, displays randomly oriented sheet-like
morphology in Fig. S1a,f while HNGC-X samples obtained at
different annealing temperatures clearly show well-distributed
pores on the surface as evidenced in the SEM and TEM
images (Fig. 1b, d, S1b and c¥). Interestingly, they all exhibit
a honeycomb-like porous structure. To investigate the structure
of HNGC-750 prepared at 750 °C, epoxy treatment, and
sectioning with ultra-microtome were performed to obtain the
cross-section TEM images. Fig. 1c clearly shows mesopores
ranging from 20-50 nm. SEM (Fig. 1le) and TEM (Fig. S27)
images for HNGC-750 before acid etching (HNGC-750-BE)
demonstrate the existence of small particle-like Mg;N, entities
embedded in the carbon matrix, which would leave mesopores
in the carbon framework upon etching. The XRD pattern for
HNGC-750-BE in Fig. S31 confirms the presence of Mg;N, along
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with unreacted Mg. In comparison to the HNGC-750, HNGC-850
and HNGC-950 (Fig. S1b and ct}) prepared at 850 and 950 °C
respectively demonstrate much-ordered honeycomb-like
porous structures.

N, adsorption-desorption curves in Fig. 2 and S41 for HNGC-
X show a typical Type IV isotherm with a hysteresis loop, rep-
resenting a mesoporous solid.”® Table S11 shows that HNGC-X
has a high mesopore volume, 1.12-1.51 cm® g™, with high
surface areas, while showing low micropore volume of less than
0.01 cm® g~ *. The BET surface area of g-C3N, is only 80.8 m® g *
and dramatically increases to 320.4 m* g~ after the Mg-aided
carbonization at 750 °C. This signifies that Mg plays a dual
role as a reducing agent to convert the carbon precursor to
graphitized carbon and as a precursor for the formation of
Mg;N,, which works as a new templating agent for the gener-
ation of mesopores and macropores. The pore size ranging
between 5-35 nm increases in the pore size distribution. The
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Fig. 2 N, gas adsorption—desorption curves and the corresponding
pore size distribution of (a) g-CsNg, (b) HNGC-750, and (c) VC (Vulcan
XC 72R). (d) Comparison of BET surface and mesopore volume from
VC and as-prepared samples.
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BET surface area decreases with an increase in the treatment
temperature owing to the decrease in micropore volume (Fig. 2d
and Table S17). All the HNGC-X samples possess a higher BET
surface area and mesopore volume than commercial Vulcan XC
72R carbon (VC).

In Fig. 3a the as-prepared HNGC-X samples show a strong
graphitic peak at 2-theta angle of 26° in the X-ray diffraction
(XRD) patterns. Similarly, in the Raman spectra (Fig. 3b) the G-
band peak at ~1583 cm ™" is much higher than the D-band peak
for all the HNGC-X samples, demonstrating the formation of
a highly graphitized structure. In contrast, the g-C;N,, exhibits
XRD peaks at approximately ~12.8° and 27.5° corresponding to
the (001) and (002) planes, respectively.”® The HNGC-750
exhibits a well-developed graphitic structure as confirmed by
I/l and Ip/Is values of 0.52 and 1.21, respectively (see Table
S2+ for other samples). Interestingly, all the HNGC-X samples
show a strong 2D band at 2696 cm ™. Such 2D peaks are only
observed in highly graphitized carbon with low lattice defects.
This observation signifies that when the heating temperature
increases, the G and 2D Raman signals increase accordingly
and become narrower (Fig. 3b and Table S27). Also, the full
width at half maximum (FWHM) of the 2D peak lessens at
higher temperatures, indicating a decrease in the number of
stacked carbon layers.”” On the other hand, the XRD pattern
coupled with the Raman spectrum (Fig. S57) recorded for the
commercial carbon (VC) shows a broad peak at ~24°, corre-
sponding to the (002) plane of amorphous carbon. Additionally,
the low Ip/Is value (1.00) and the absence of a significant 2D
signal indicate a much lower level of graphiticity than the
HNGC-X samples.

We also deduced that the amount of Mg and the annealing
temperature adopted in the synthesis process affects the nature
of the porous structure and the degree of graphitization in the
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Fig. 3 (a) XRD profiles and (b) Raman spectra for the as-prepared
samples. The high-resolution XPS spectrum for (c) C 1s and (d) N 1s for
HNGC-750.
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resulting carbon. In our experiment, 2.0 g of Mg was mixed with
2.0 g of g-C3;N,, which gives a near 1:1 molar ratio between
the N in g-C3N, (0.087 mol) and Mg (0.082 mol). This equimolar
ratio is important to prevent the thermal decomposition of g-
C3N, to small C,N,, fragments. As control experiments, 2.0 g of
g-C3N, was treated with different amounts of Mg such as 0.5,
1.5, and 4.0 g. In the XRD patterns presented in Fig. S6a,T the
sample prepared with 0.5 g of Mg (HNGC-750-0.5Mg) exhibits
a broad peak at 2-theta angle of ~23° which is associated with
amorphous carbon. Furthermore, the Raman spectra in
Fig. S6bf show a higher D band and weaker 2D band signals in
comparison to the HNGC-750 sample synthesized with 2 g of
Mg, signifying a low graphiticity. Interestingly, HNGC-750-4Mg
exhibits Ip/Ig and I,p/I values (Table S27) similar to HNGC-750,
indicating that for the same synthesis conditions, a minimum
of 2.0 g of Mg is necessary to derive the fully graphitized
structure. In addition, the SEM image for HNGC-750-0.5Mg in
Fig. S7at shows uneven sheet-like morphology similar to that of
the pristine g-C;N, in Fig. Sla.f The mesoporous structure
gradually develops as the Mg content is increased to 1 g (HNGC-
750-1Mg in Fig. S7b and Table S17). Thus, a 1:1 weight ratio
between Mg and g-C3;N, is the minimum requirement to achieve
the honeycomb-like mesoporosity as well as the highly graphitic
structure.

To determine the atomic composition of HNGC-X, X-ray
photoelectron spectroscopy (XPS, technical uncertainty range
+5%) was conducted and the results are illustrated in Fig. S8.1
The high-resolution C 1s XPS spectra for all HNGC-X samples
exhibit the characteristic carbon peak at binding energies in the
proximity of 284.56 eV, corresponding to sp> C from the C=C
bond in graphitic carbon (Fig. 3c and S8b7).>® For g-C3N,, the
main peak of the C 1s spectrum at 288.17 eV can be assigned to
the N-C=N bond.* The N contents in HNGC-750 and g-C3N,
are 2.1 and 51.5 at%, respectively (Table S31). This result further
confirms our initial postulate that Mg takes most of the N atoms
from g-C;N, and subsequently converts g-C;N, to N-doped
carbon.*® The high-resolution N 1s XPS spectrum of HNGC-
750 is deconvoluted into four sub-peaks including predomi-
nant pyrrolic-N (400.04 eV, 41.6%) along with 28.4% pyridinic-N
(398.80 eV), 17.1% graphitic-N (401.40 eV), and 12.9% pyridinic-
N oxides (403.20 eV) in Fig. 3d and Table S4.1>**' N-doping in
porous carbon frameworks synergistically improves the reac-
tivity of the active elements, making them highly desirable for
various electrochemical systems.**** Especially, in PEMFC, the
pyridinic-N, and pyrrolic-N have been reported to improve the
catalytic activity and durability of Pt-based catalysts.*** It is
quite interesting to note that the pyrrolic-N is predominant in
this system owing to the low carbonization temperature
employed. This is in contrast to other literature that reports low
contents of pyrrolic-N due to the thermodynamic instability at
high temperatures.’**® As the temperature increases, the
pyrrolic-N decreases, and the pyridinic-N becomes the major N
configuration in the HNGC-850 and HNGC-950, as shown in
Fig. S8c and Table S4.1

The presence of mesopores and macropores in PEMFC
catalysts is beneficial for mass transfer of reactants as well as
effective water management. To evaluate the effectiveness of

This journal is © The Royal Society of Chemistry 2023
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HNGC-X as a catalyst support, PtCo was deposited on HNGC-X
by microwave-assisted polyol reduction process. For compar-
ison, the same catalyst was deposited on a commercial carbon
support, VC. XRD patterns in Fig. S91 show that the diffraction
peaks from PtCo are shifted to positive angles relative to the Pt
reference (JCPDS card No. 88-2343). As signified by Braggs law
(nA = 2dsin 6), a decrease in the lattice distance (d) increases
the diffraction angle. Therefore, the positive shift observed in
the PtCo samples is associated with the lattice contraction
emanating from the intercalation of Co into the Pt lattice.**?°
The thermogravimetric analysis (TGA) in Fig. S10bt indicates
that all the prepared samples have ~20 wt% of PtCo. Interest-
ingly, the PtCo/HNGC-950 shows the highest onset for carbon
oxidation, signifying the higher thermal stability derived from
the highly graphitized carbon. The average particle size of PtCo
NPs recorded for both carbon supports is approximately 4 nm
(Fig. S11a and bf) with similar size distribution. The atomic
ratio of Pt to Co in PtCo catalysts was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES) as
summarized in Table S5.7

In ORR half-cell tests (Fig. 4a), PtCo/HNGC-750 displays the
highest onset, half-wave potential, and diffusion-limited
current density among all the prepared samples. All the PtCo/
HNGC-X catalysts show better catalytic activity than PtCo/VC. N-
doping improves the ORR kinetics by modifying the adsorption
strength of oxygenated species.'**® In addition, the presence of
sp>-hybridized N species, such as pyrrolic-N and pyridinic-N,
enables additional electrical conductivity derived from lone
pair electrons in the perpendicular p-orbital of the N atom.*"**
Interestingly, the PtCo/HNGC-750 showed better ORR perfor-
mance compared to PtCo/HNGC-850 and PtCo/HNGC-950

(b) —— PtCo/HNGC-750 16
—— PCO/HNGC-750 1o

~——PtCo/HNGC-850
PtCo/HNGC-950
PtColVC
~———20% PtIC

[

Current density (mA cm?) ™
'y &

T 5
S

“V/ H,/0,, 100% RH, 0.5 bar
04 o5 06 o7 o8 o3 1o 0o o5 10 15 20 25 30 35 4o 45 &
Current density (A cm?)

Ewe (V vs. RHE)
—— PtCo/HNGC-750 ° g T Mass activity —B—V @0.8A om?
< 45 vetsaem?|
E to7s &
n.
dos] o—T| TE—
H lo70
H =
H 0.35 < foss 8
% fo.60
H,/Air, 100% RH, 0.5 bar !
030 .56

“00 04 08 12 16 20 24
Current density (A cm?)

50 950 99‘4
Wﬂc?&ol""‘ec‘,‘col“‘“ecﬂgpl‘“‘oo
Fig. 4 (a) ORR polarization curves of the samples obtained in O,-
saturated 0.1 M HCLO,4 at 1600 rpm. Single cell polarization and power
density curves for PtCo/HNGC-750, PtCo/VC, and commercial 20%
Pt/C in fully humidified (b) H,/O, and (c) H,/Air. The polarization
curves of MEAs were tested with 0.1 gpico cm 2 of cathode loading at
80 °C and backpressure as 0.5 bar. (d) Mass activity at 0.9 Vir-corrected
and cell voltage at 0.8 and 1.5 A cm™2 for PtCo/VC and PtCo/HNGC-X
calculated from the polarization curves under H,/O, and ICP-OES
results for Pt amount in Table S5.1
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probably due to the higher BET surface area and N concentra-
tion of the former.

The membrane electrode assemblies (MEAs) were fabricated
with PtCo/VC and PtCo/HNGC-X as cathode electrodes for
single-cell tests. PtCo/HNGC-750 among the tested samples
delivers the highest mass activity and maximum power density
(Pmax) Of 0.44 A mgp, ' and 1.54 W cm ™2, respectively in the
MEA test under H,/O, flow (Fig. 4b, and Table S6%). Further-
more, the HNGC-850 and HNGC-950 in Fig. S12} also displayed
a higher performance than PtCo/VC with a mass activity and
Prax Of 0.39 A mgp, ' and 1.41 W cm™ >, respectively. We
postulate that the HNGC-750 provides the optimum synergy
required to improve the catalytic activity due to the sufficient N
contents, graphiticity, and mesoporosity. Additionally, cell
voltages at 0.8 and 1.5 A cm ™ (Fig. 4d) for PtCo/HNGC-X are
higher than PtCo/VC due to the high electrical conductivity.
MEAs were also tested under H,/Air as shown in Fig. 4c. In this
condition, PtCo/HNGC-750 shows a higher Py, than PtCo/VC
as summarized in Table S7.f The shape of the polarization
curve in the high current density region (Fig. 4c) as well as the
cell voltage at 1.5 A cm™ > (Table S71) shows that PtCo/HNGC-
750 maintains its fuel cell performance very well compared to
PtCo/VC in the high current mass transfer region. Clearly, this
indicates that the former facilitates mass transport during the
PEMFC operation as a result of the honeycomb-like porous
structure. The macro- and mesopore volumes offer effective
mass transfer in the single cell application.’®*” The mesopore
volume for HNGC-750 is 1.12 cm® g, which is 2.6 times higher
than the VC value. Thus, the MEA performance of PtCo NPs was
improved by the distinctive pore structure of HNGC-750.

Electrochemical impedance spectroscopy (EIS) in Fig. S137
was performed at 1.0 A cm ™2 in H,/Air condition to verify the
mass transport resistance. At 1.0 A cm ™2, the i~V curves of PtCo/
VC and PtCo/HNGC-750 start to diverge owing to the effect of
mass transport resistance. The Nyquist plots of MEAs consist of
two arcs; a large diameter arc in the high frequency region and
a small diameter arc in the low frequency region. These two arcs
represent the charge and mass transfer resistances, respec-
tively. The intercept of the large diameter arc at the high
frequency region represents the ohmic resistance (Ronmic) and
values of ~0.080 Q cm” and ~0.078 were recorded for the PtCo/
VC and PtCo/HNGC-750, respectively. The charge (R.,) and mass
transfer (R,) resistances, as well as the diameter of each arc, for
PtCo/HNGC-750, are smaller than those of PtCo/VC. The R,
was estimated to be 0.192 and 0.232 Q cm? for PtCo/HNGC-750
and PtCo/VC, respectively. This implies HNGC-750 enhances
the charge and mass transfer during the PEMFC operation.
Especially, the honeycomb-like structure of HNGC-750 reduces
the mass transfer resistance by ~17% of the value of VC in order
to facilitate O, transport and water balance in the catalyst layer.
The estimated resistance values from the EIS profiles are
tabulated in Table S8.F

An accelerated durability test (ADT) for carbon support was
carried out to assess the stability of the HNGC-X support. The
ADT protocol suggested by the US Department of Energy (DOE)
consists of a triangular sweep cycle between 1.0 and 1.5 V to
mimic the potential change during the start and stop process of
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Fig. 5 Single cell polarization and power density curves in fully humidified H,/O; for (a) PtCo/VC and (b) PtCo/HNGC-750 before and after 5k
cycles of accelerated durability test (ADT) for carbon support durability. (c) Single cell polarization and power density curves for PtCo/HNGC-750
and PtCo/VC before and after 5k cycle ADT results in H,/Air. The polarization curves of MEAs were tested with 0.1 gpieo cm 2 of cathode loading
at 80 °C and backpressure as 0.5 bar. Cyclic voltammetry curves for (d) PtCo/VC and (e) PtCo/HNGC-750 before and after ADT were obtained at
80 °C under fully humidified H,/N, flow in ambient pressure. (f) Mass activity (MA) at 0.9 Vir-corrected @and MA retention for PtCo/VC and PtCo/

HNGC-X from the polarization curves under H,/O,.

practical fuel cells (Fig. S14at).*® PtCo/HNGC-750 exhibits
excellent durability compared to PtCo/VC. In Fig. 5a and b, P«
of PtCo/HNGC-750 only drops by 17%, while PtCo/VC loses 57%
of its initial P PtCo/HNGC-750 also demonstrates high
durability in H,/Air conditions (Fig. 5¢). The high graphiticity of
PtCo/HNGC-750 enhances the stability under the harsh oxida-
tive condition during the ADT. In contrast, the PtCo/VC support
decomposed at a faster rate due to its non-graphitized structure.
This led to the collapse of the pore structure, a reduction in the
electrical conductivity, and the aggregation of metal nano-
particles. The CVs for PtCo/VC in Fig. 5d show no significant H-
adsorption peak after ADT owing to the agglomeration of the
PtCo particles. The average particle size of PtCo in PtCo/VC
increases from 4.1 to 6.4 nm (56%). However, the PtCo/HNGC-
750 increases only by 28% of the initial particle size (Fig. S11c
and dt). Interestingly, the thickness of the double-layer (0.3-0.7
Vrug) increases because the VC is functionalized by oxygen-
containing groups after the carbon corrosion, thus, enhancing
the capacitive current.*® In contrast, the double layer region
observed for PtCo/HNGC-750 after ADT is almost the same as
that of the initial and the electrochemical surface area (ECSA)
decreases only by 28% (from 52.4 to 37.7 m” gy ') as shown in
Fig. 5e. This result translates into the mass activity (MA) change
observed in Fig. 5f after ADT. The initial MA of PtCo/HNGC-750
satisfies the DOE beginning-of-life (BOL) target (0.44 A mgp, ')
and decreases by only 23% of its initial MA after ADT. On the
other hand, a 54% loss in MA is observed for the PtCo/VC;
a performance drastically below the DOE targets. All PtCo/
HNGC-X samples meet the MA retention target of DOE (>60%).
Thus, the PtCo/HNGC-X could be promising oxidation-resistant
carbon support, providing facile ORR kinetics as a result of the
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high graphitization, N-doping and unique honeycomb-like
porous structure (see Tables S6 abd S77). The carbon support
durability tests for PtCo/HNGC-850 and -950 are summarized in
Fig. S14b, ¢ and Table S6.1 The major observation here shows
that as the preparation temperature increases, the corrosion
resistance gets significantly enhanced due to the increase in

graphiticity.

Conclusions

In conclusion, graphitized carbon with a honeycomb-like
structure was prepared from the annealing of g-C;N, with Mg
metal. In this novel process, Mg takes N atoms from the g-C3N,
structure and causes unstable C atoms to generate highly
graphitized carbon materials. Interestingly, self-generated
Mg;N, particles were embedded in the carbon matrix and
served as a template for the honeycomb-like morphology. This
work is the first of its kind that reports such an in situ generated
Mg;N, porogen. Thus, Mg in this synthesis technique has a dual
function of concurrently enhancing graphiticity and porosity in
carbon materials. In addition, using g-C3N, as a carbon source
leads to sufficient N-doping in the HNGC-X substrate. This
synthesis strategy simultaneously induces three key features,
(graphiticity, porosity, and heteroatom dopants) in carbon
materials, through simple low-temperature heat treatment.
These unique properties enhanced the catalytic activity of as-
synthesized PtCo in PEMFC. Especially, the unique meso-
porous structure offers higher performance than the commer-
cial carbon support in the MEA test owing to the facile mass
transport. In addition, the durability under the harsh oxidative
condition is dramatically increased by the graphitized carbon
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structure, satisfying the DOE target in terms of mass activity
degradation. Therefore, we envisage that Mg-assisted carbon-
ization with different organics will open the door for further
research and advances in electrocatalytic applications.
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