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Preferred Catalysis Distinctly Determined by Metals Doped with 
Nitrogen in Three-dimensionally Ordered Porous Carbon 

Materials 

Jun Maruyama,*a Hirohumi Sato,a Yuko Takao,a Shohei Maruyama,a Shintaro Kato,b Kazuhide 
Kamiya,b Koki Chida,c Takeharu Yoshii,c Hirotomo Nishihara,c,d Fumito Tanie 

Three-dimensionally ordered nanoporous structures were generated in carbon materials doped with metals and nitrogen 

as catalytically active sites for electrochemical reactions. Free-base and metal phthalocyanines with a strategically designed 

molecular structure were used as carbon sources to attain an ordered porous structure via homogeneous self-assembly with 

Fe3O4 nanoparticles as the pore template and prevention of melting away during carbonization. The doping of Fe and 

nitrogen was achieved by a reaction between the free-base phthalocyanine and Fe3O4 through carbonization at 550 °C, while 

Co and Ni were doped using the corresponding metal phthalocyanines. The preference of these three types of ordered 

porous carbon materials for catalytic reactions was distinctly determined by the doped metal. Fe–N-doped carbon showed 

the highest activity for O2 reduction. Additional heat treatment at 800 °C enhanced this activity. The CO2 reduction and H2 

evolution were preferred by the Ni– and Co–N-doped carbon materials, respectively. The change in the template particle 

size was capable of controlling the pore size to enhance mass transfer and improve performance. The technique presented 

in this study enabled systematic metal doping and pore size control in the ordered porous structures of carbonaceous 

catalysts.

Introduction 

Porous materials with high specific surface areas have played an 

important role in chemical industries as adsorbents, catalysts, 

and catalyst supports.1–3 Among these materials, those with a 

three-dimensional (3D) order, such as zeolites,4,5 mesoporous 

silica,6,7 and metal–organic frameworks,8,9 have gained 

particular interest. This is because the 3D-ordered pore 

structure enables maximum surface exposure, efficient mass 

transfer throughout the pores, and more feasible structure 

control than disordered ones. The 3D-ordered porosity has also 

been achieved using carbon materials, which have advantages 

over other ordered porous materials in terms of electron 

conductivity and chemical stability.10,11 Another advantage is 

the ability to include other elements in the carbon matrix, which 

imparts various functions.12,13 

Recently, much attention has been paid to carbon materials 

containing metal ions coordinated by nitrogen atoms and 

embedded on the carbon surface (metal–N–C sites) as single-

atom catalysts.14,15 Many studies have shown promising 

catalytic activities for the oxygen reduction reaction (ORR),16 

oxygen evolution reaction,17,18 hydrogen evolution reaction 

(HER),19,20 CO2 reduction reaction (CRR),21 and reduction 

reactions of nitrogen oxides.22,23 

In contrast to a large number of studies on 3D-ordered porous 

carbon materials,13,24,25 studies on 3D-ordered porous carbon 

materials compatible with metal–N–C sites are unexpectedly 

limited, probably because of the difficulties in generating 3D-

ordered structures. The formation of carbon materials requires 

a carbonization process in which polyaromatic ring generation, 

fusion, and π-conjugation expansion typically occur through 

random C–C bond formation.26 In addition, the carbonization 

process accompanies high temperature, often leading to metal 

aggregation and, consequently, disordered structures.27 

One of the approaches to generate 3D-ordered porous carbon 

(OPC) materials with metal-N-C sites exploited a self-assembled 

triblock copolymer (Pluronic F127) as a template and phenolic 

resin as a carbon source.28,29 Melamine as a nitrogen source was 

mixed in the resin, and Fe was loaded on the resin with an FeCl3 

solution before carbonization. The self-assembly of cubic Fe3O4 

nanoparticles (NPs) as a template was also used.30 The carbon 

materials developed in these studies possessed highly ordered 

3D porous structures. However, drawbacks of these approaches 

were the usage of toxic reagents, such as formaldehyde, to 

synthesize the phenolic resin or NH3 to generate micropores 

and active sites. A recent study avoided the usage of these toxic 

reagents, although only macropore was 3D-ordered.31 The 
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generation of the metal–N–C structure is not fully controlled in 

these studies, either. 

We recently achieved total structure control during 

carbonization to form 3D-ordered carbon materials with metal–

N–C sites.32,33 The 3D-ordered structure was directly derived 

from a crystal of a metal porphyrin with alkynyl substituents 

that underwent polymerization without disorder or destruction 

of the metal–N–C sites during the carbonization process. 

However, their limited specific surface areas and pore sizes 

hinder active site exposure and catalytic electrochemical 

processes. 

Combining the advantages of these techniques, we attempted 

to form a mesoporous 3D-OPC compatible with metal–N–C sites 

using a simpler and safer process, based on expectation that he 

mesoporosity could enhance the active site exposure and fast 

mass-transfer. A free-base phthalocyanine and metal 

phthalocyanines (metal = Co, Ni) with octynyl substituents33–36 

were chosen because of the potentially higher rigidity of the 

metal–N center than porphyrins and their high solubility in 

organic solvents, which allowed the preparation of a 

homogeneous mixture with Fe3O4 NPs dispersed in toluene. The 

advantages of using the Fe3O4 NPs dispersion are easy 

availability, small particle sizes down to 5 nm, and self-assemble 

ability.37 We found that the Fe3O4 NPs functioned as a template 

for the 3D-ordered structure38 and as a metal source for the Fe–

N–C site, which was included in the carbonaceous phase derived 

from the octynyl-substituted phthalocyanine. Co– and Ni–N–C 

sites were also generated using their respective metal 

phthalocyanines. The electrochemical catalytic activity was 

closely associated with the metal species, and the pore size was 

attributed to the NP size. We found another versatile, feasible, 

and universal approach to synthesize metal–N–C containing 3D-

ordered porous carbon materials. 

Results and discussion 

Synthesis of 3D-OPC 

As the sources of the carbonaceous matrix and active sites, the 

phthalocyanines with the alkynyl substituent, 

2,3,9,10,16,17,23,24-octa(1-octynyl)phthalocyanine (Pc′), 

[2,3,9,10,16,17,23,24-octa(1-octynyl)phthalocyaninyl]cobalt(II) 

(CoPc′), and [2,3,9,10,16,17,23,24-octa(1-

octynyl)phthalocyaninyl]nickel(II) (NiPc′), were synthesized 

according to the previous report (Fig. S1).34  

Vacant space in a sheet of carbon paper (CP) composed of 

graphitized carbon fiber with high electron conductivity and 

chemical stability was used as a field for the self-assembly of 

MPc′ (M = blank, Co, Ni) and Fe3O4 NPs to form binder-free 

composite carbonaceous electrodes directly after the 

carbonization and template removal. Fe3O4 NPs dispersions in 

toluene with two different average particle sizes of m nm (NPm, 

m = 5 and 10) were used as a template for 3D ordered pores.  

A piece of CP was immersed in a mixture prepared by dissolving 

MPc′ in NPm, which was slowly evaporated to cause the self-

assembly in the CP void and completely dried in a vacuum to 

produce composites (MPc′-NPm). Next, the composite was 

heat-treated in an Ar atmosphere at 550 °C to obtain 

carbonaceous composites (MPc′-NPm-550). The heat-

treatment temperature of 550 °C was chosen because it is 

nearly the upper limit, above which reaction between Fe3O4 and 

carbon becomes thermodynamically favorable, leading to 

structure disorder. The composite was then treated in a boiling 

acid solution for template removal, rinsed with high-purity 

water, and dried in a vacuum to produce the 3D-OPC/CP 

composites (MPc′-NPm-550-a). The carbonaceous composite 

was also prepared by dissolving MPc′ in toluene instead of NPm, 

drying, and the heat-treatment at 550 °C (MPc′-550). The 

composite obtained after the acid treatment of MPc′-550 is 

labeled MPc′-550-a. Because electronic conductivity of typical 

carbon materials enhances with an increase in the 

carbonization temperature and its drastic increase occurs in the 

temperature range approximately from 500 to 800 °C,39,40 the 

second heat treatment was performed on MPc′-NPm-550-a and 

MPc′-550-a at 800 °C in Ar atmosphere expecting the electronic 

conductivity improvement. Next, acid treatment yielded MPc′-

NPm-800-a and MPc′-800-a, respectively. A schematic of the 

synthesis procedure is shown in Fig. 1, and the series of samples 

synthesized in this study is summarized in Table 1. 

Pyrolysis behavior of MPc′ 

Thermogravimetry and differential scanning calorimetry (TG–

DSC) profiles for MPc′ in the He flow are shown in Fig. 2. The 

significant weight change occurred between 350 and 550 °C and 

resulted in the weight loss at 550 °C: Pc′, 47.7%; CoPc′, 34.2%; 

NiPc′, 37.9%. The metal inclusion in Pc′ caused the difference in 

weight loss. The higher and lower ones at the free base Pc′ and 

metal-combined Pc′ approximately corresponded to the losses 

of 8-hexyl and 8-pentyl groups, respectively. 

The small peaks around 250 °C in the DSC profiles were 

attributed to thermal polymerization at the triple bonds.32,41 

After the polymerization, the hexyl and pentyl groups were 

detached to yield the carbon material. The mass spectrometry 

(MS) profiles for the effluent gases obtained simultaneously 

during the TG–DSC measurements also suggested the 

detachment in the carbonization process of MPc′ (Fig. S2). 

3D-ordered porous structure 

The self-assembly of NP with MPc′ in the CP void, the heat 

treatment in an Ar atmosphere at 550 °C, and the NP removal 

by the acid treatment produced 3D-OPC. Field-emission 

scanning electron microscopy (FESEM) images of the 3D-OPC 

are shown in Fig. 3. Except CoPc′-NP5-550-a, the 3D-ordered 

porous structure was observed. A Two-dimensional fast Fourier 

transform (FFT) image42 indicated a close-packed structure. The 

homogeneous MPc′ distribution in the NP dispersion and the 

retention of MPc′ without melting away during the heat 

treatment were attributed to the solubility imparted by the 

hexyl group and the thermal polymerization at the triple bonds, 

respectively, which led to the 3D ordered pore structure. The 

external surface of CoPc′-NP5-550-a was covered by the 

carbonaceous phase, which hindered full exposure of the pore. 

Observation of the pores was possible irrespective of the M 

species for MPc′-NP10-550-a. However, the structures were 
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more disordered than those of MPc′-NP5-550-a. This 

observation was attributed to the wider particle size 

distribution in the NP10 dispersion and the possible aggregation 

of the Fe3O4 particles. The pore structure was almost retained 

after the heat treatment at 800 °C and the similar ordered 

structure was observed for MPc′-NPm-800-a (m = 5, 10, Figure 

Carbon sources

100 nm

Self assembly

with Fe3O4 NP (template) 

in carbon paper (CP)

10 mm

Carbonization at 550 °C
Acid treatment (template removal)

(a) (b) (c)

3D-OPC with M–N4 sites (MPc′-NPm-550-a)

N

N
N

N
Fe

N

N
N

N
Co

N

N
N

N
Ni

Additional heat treatment at 800 °C
Acid treatment

MPc′-NPm-800-a

Fig. 1. Synthesis of 3D-OPC/CP composites from octynyl-substituted phthalocyanines: (a) Pc′, (b) CoPc′, (c) NiPc′. The green, blue, and red parts in the molecular structure show the 

substructures that enabled the homogeneous self-assembly with the Fe3O4 NPs as the pore template and the prevention of melting away during the carbonization process through 

the polymerization, and the generation of the metal–N4 structure, respectively. 

Table 1. Series of samples synthesized in this study 

Phthalocyanine Pc′ CoPc′ NiPc′ 

Self-assembly 
Pc′-NP5 

Pc′-NP10 

CoPc′-NP5 

CoPc′-NP10 

NiPc′-NP5 

NiPc′-NP10 

Heat treatment at 550 °C 

Pc′-550 

Pc′-NP5-550 

Pc′-NP10-550 

CoPc′-550 

CoPc′-NP5-550 

CoPc′-NP10-550 

NiPc′-550 

NiPc′-NP5-550 

NiPc′-NP10-550 

Acid treatment 

Pc′-550-a 

Pc′-NP5-550-a 

Pc′-NP10-550-a 

CoPc′-550-a 

CoPc′-NP5-550-a 

CoPc′-NP10-550-a 

NiPc′-550-a 

NiPc′-NP5-550-a 

NiPc′-NP10-550-a 

Heat treatment at 800 °C 

+ acid treatment 

Pc′-800-a 

Pc′-NP5-800-a 

Pc′-NP10-800-a 

CoPc′-800-a 

CoPc′-NP5-800-a 

CoPc′-NP10-800-a 

NiPc′-800-a 

NiPc′-NP5-800-a 

NiPc′-NP10-800-a 
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S3). Their external surfaces were slightly roughened, probably 

owing to the partial combustion of the surface by residual 

oxygen in the atmosphere during heat treatment. 

The structure of the carbonaceous pore walls was examined 

using Raman spectroscopy. Figs. 4 and S4 show the Raman 

spectra of MPc′-NPm-550-a and MPc′-NPm-800-a (m = 5, 10), 

respectively. The peak profiles are similar to the typical profiles 

observed for amorphous carbon materials. The spectra were 

deconvoluted into five components: graphitic peak (G peak), 

disorder peak (D peak), a peak ascribed to amorphous carbon 

(Am peak), a peak ascribed to sp3-bonded carbon atoms (P 

peak), and a peak ascribed to the surface graphene layers as a 

disordered graphitic lattice (D2 peak).43,44 The ratios of the 

intensities of the D peak to the G peak (ID/IG) were lower for the 

spectra of MPc′-derived 3D-OPC (M = Co, Ni) than that of Pc′-

derived one, indicating the better crystallinity in the former. 

Surface composition of 3D-OPC and local structure around metals 

X-ray photoelectron spectroscopy (XPS) was performed to 

examine the surface elemental composition of 3D-OPC. Fig. 5 

shows the XPS spectra of N 1s, Fe 2p, Co 2p, and Ni 2p. The wide 

scan, C 1s, O 1s, and Cl 2p spectra are presented in Fig. S5 and 

S6. The atomic surface concentrations of these elements are 

listed in Table 2. 

The N 1s XPS spectra indicated that the nitrogen in MPc′ partly 

retained in 3D-OPC in the forms of pyridinic, pyrrolic, and 

graphitic nitrogen atoms45,46 and that the dominance of the 

pyridinic nitrogen increased in the order of M: blank < Co < Ni. 

The Co and Ni 2p spectra also showed retention of the central 

metals of the phthalocyanines after heat treatment and acid 

washing. 

The most notable result of the XPS measurements was the Fe 

2p spectrum, which showed the presence of Fe in Pc′-NPm-550-

a (m = 5, 10). As the sample was obtained after acid treatment, 

the Fe3O4 NPs used as the template were fully removed. The 

measurements of Fe K-edge extended X-ray absorption fine 

structure (EXAFS) for Pc′-NPm-550-a (Fig. 6) showed a 

pseudoradial structure function (RSF) similar to that of iron 
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Fig. 2. TG–DSC profiles of Pc′, CoPc′, and NiPc′ under He flow. 
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100 nm 100 nm
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Fig. 3. FESEM images of (a) Pc′-NP5-550-a, (b) Pc′-NP10-550-a, (c) CoPc′-NP5-550-a, (d) 

CoPc′-NP10-550-a, (e) NiPc′-NP5-550-a, and (f) NiPc′-NP10-550-a. The inset shows the 

FFT image obtained from the corresponding FESEM image. 
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Fig. 4. Raman spectra of (a) Pc′-NP5-550-a, (b) Pc′-NP10-550-a, (c) CoPc′-NP5-550-a, (d) 

CoPc′-NP10-550-a, (e) NiPc′-NP5-550-a, and (f) NiPc′-NP10-550-a. Deconvoluted 

components (D2, G, Am, P, D) and fitting result are shown for Pc′-NP5-550-a as a typical 

example. Values of ID/IG are also shown. 
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phthalocyanine (FePc), indicating an FePc-like local structure 

around the Fe atom in Pc′-NPm-550-a, that is, four N atoms 

coordinating Fe in a square-planar structure (Fe–N4 structure). 

The absence of the peak attributable to Fe3O4 confirmed the full 

removal of the Fe3O4 NPs. 

A previous study demonstrated that carbonization of 

polyaniline surrounding Fe3O4 NPs also generated the Fe–N4 

structure.47 The presence of Fe was therefore attributed to the 

Fe inclusion in the carbon matrix of 3D-OPC and generation of 

the Fe–N4 structure through the reaction between Pc′ and Fe3O4 
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Fig. 5. XPS spectra of (a–c) N 1s, (d–f) Fe 2p, (g) Co 2p, and (h) Ni 2p for MPc′-550-a and MPc′-NPm-550-a. The Fe 2p spectra for MPc′-NPm-550-a (M = Co, Ni) were obtained by 

using the Mg Kα radiation. The other spectra were obtained by using the Al Kα radiation. The intensities are normalized by the C 1s peak area of the corresponding samples for easy 

comparison in each panel. 

Table 2. Surface concentrations of MPc′-NPm-550-a (m = 5, 10) and MPc′-550-a for comparison [atom. %]. 

 C N O Fe Co Ni Cl 

Pc′-550-a 89.08 3.83 6.82 – – – 0.17 

Pc′-NP5-550-a 86.13 2.32 10.92 0.15 – – 0.47 

Pc′-NP10-550-a 86.95 3.64 8.82 0.16 – – 0.44 

CoPc′-550-a 90.39 2.93 6.22 – 0.16 – 0.30 

CoPc′-NP5-550-a 88.21 2.74 8.64 – 0.11 – 0.30 

CoPc′-NP10-550-a 88.46 4.51 6.32 – 0.37 – 0.34 

NiPc′-550-a 87.71 6.33 5.16 – – 0.64 0.16 

NiPc′-NP5-550-a 88.09 2.60 8.88 0.05 – 0.15 0.23 

NiPc′-NP10-550-a 88.09 5.79 5.17 – – 0.64 0.31 
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during the heat treatment process and structure retention after 

the acid treatment. 

The Co and Ni K-edge EXAFS of MPc′-NPm-550-a showed the 

retention of M–N4 structure (M = Co, Ni). The presence of Co 

and Ni was also observed in the XPS spectra. The generation of 

the Fe–N4 site was suggested by the RSFs calculated from the Fe 

K-edge EXAFS (Fig. S7), which was ascribed to the reaction 

between the N atoms or metal substitution in MPc′. However, 

almost no Fe was observed in the Fe 2p XPS spectra. One of the 

possible reasons is weaker binding between Fe and N in MPc′-

NPm-550-a (M = Co, Ni) than in Pc′-NPm-550-a, which led to the 

removal of Fe from the surface by the acid treatment and its 

retention inside the carbon matrix, although the details are 

unclear at present. 

The surface metals and internal Fe were retained, and more 

graphitic N was observed after the heat treatment at 800 °C, 

followed by acid washing (Fig. S7, S8, Table S1). The highest RSF 

peak for FePc′-NPm-800-a was broadened, and the peak 

position shifted to a larger radial coordination than that of Pc′-

NPm-550-a. These changes were explained by accounting for 

the generation of a small peak owing to aggregated Fe and the 

combination of the peak with that of the Fe–N4 structure. The 

aggregated Fe was most likely covered by a carbonaceous shell 

and retained after the acid treatment.48 The Fe K-edge X-ray 

absorption near-edge structure (XANES) also showed slight 

changes (Fig. S9). In contrast to the retention of the Fe–N4 

structure after the 800 °C heat treatment, the loss of the Co– 

and Ni–N4 structures was suggested by the RSFs (Fig. 6, Fig. S10) 

for MPc′-800-a and MPc′-NPm-800-a (M = Co, Ni). Except for the 

RSF for NiPc′-800-a showing the generation of Ni aggregates, 

there were almost no distinct peaks for the other RSFs, 

indicating disordered local structures around Co and Ni. 

Electrochemical catalytic activity 

The relationship between the electrode potential and ORR 

current in 3D-OPC with the metal–N–C sites is shown in Fig. 7. 

The peak current increase was observed for Pc′-550-a compared 

to CP although the positive peak shift was limited, and the 

reaction faced hindrances in the low potential region, indicating 

limited activity enhancement by combining the carbonized Pc′ 

with CP (Table S2). In contrast, significant activity enhancement 

was observed at Pc′-NP5-550-a with a clear peak shift in the 

positive direction. The Fe–N4 structure on the 3D-OPC pore 

surface functioned as active sites for the ORR. The peak current 

increased at Pc′-NP10-550-a compared to that at Pc′-NP5-550-

a, showing the advantageous effect of larger pores for the mass 

transfer. Additional heat treatment at 800 °C further increased 

the peak current, probably due to the improved electron 

conductivity in the carbon matrix, although its activity was 

lower than that of the Pt/C catalyst. 

The catalytic activity of the Co–N4 structure was implied by the 

peak shift in the positive direction at CoPc′-550-a compared to 

Pc′-550-a. This activity was further enhanced at CoPc′-NP5-550-

a. The peak potential was slightly lower than that at Pc′-NP5-

550-a, whereas a higher peak current was observed. This 

enhancement was attributed to the pore development and the 

interaction between the internal Fe–N4 structure and the Co–N4 

structure on the surface, based on previous studies that showed 

the ORR activity improvement by the coexistence of the dual 

metals.49,50 The effect of the pore size was minor between 

CoPc′-NP5-550-a and CoPc′-NP10-550-a. The peak current 

increase by the additional heat treatment at 800 °C was also 

observed for CoPc′-NP5-800-a. It is reasonable to assume that a 

Co atom surrounded by N atoms with random bond lengths or 

a residual Co–N4 structure functions as the active site for the 

ORR. The overpotential at a series of 3D-OPCs derived from 

NiPc′ was higher than those derived from Pc′ and CoPc′, 

indicating the low ORR activity of the Ni-containing 3D-OPC. 

Interestingly, this elemental order for the ORR activity, Fe ≈ Co 

> Ni, turned opposite for the CRR. Fig. 8 shows the relationship 

between the electrode potential, CRR/HER current, and current 

ratio for the CRR/HER. The Pc′-derived 3D-OPC showed limited 

CRR/HER current with low CRR current efficiency, whereas the 

CRR current substantially increased at the NiPc′-derived 3D-

OPC.51 Although the largest reduction current was observed at 

CoPc′-NP10-550-a, the HER dominated, which was in agreement 

Fig. 6. RSFs calculated by Fourier transformation of EXAFS spectra at the (a) Fe K-edge, (b) Co K-edge, and (c) Ni K-edge for MPc′-T-a, MPc′-NPm-T-a (m = 5, 10; T = 550, 800), metal 

foils, metal phthalocyanines, and Fe3O4. The amplitudes of the RSFs for the metal foils and Fe3O4 are multiplied by 1/10 and 1/2, respectively. 

0 1 2 3 4 5 6

F
o
u
ri
e
r 

tr
a
n
s
fo

rm
e
d
 a

m
p
lit

u
d

e
 [

a
. 

u
.]

Radial coordination [Å]

NiPc′-NP5-550-a

NiPc

Ni (×1/10)

NiPc′-NP10-550-a

NiPc′-NP10-800-a

NiPc′-NP5-800-a

NiPc′-550-a

NiPc′-800-a

(c) Ni K

0 1 2 3 4 5 6

F
o
u
ri
e
r 

tr
a
n
s
fo

rm
e
d
 a

m
p
lit

u
d

e
 [

a
. 

u
.]

Radial coordination [Å]

CoPc′-NP5-550-a

CoPc

Co (×1/10)

CoPc′-NP10-800-a

CoPc′-NP5-800-a

CoPc′-550-a

CoPc′-800-a

CoPc′-NP10-550-a

(b) Co K

0 1 2 3 4 5 6

F
o
u
ri
e
r 

tr
a
n
s
fo

rm
e
d
 a

m
p
lit

u
d

e
 [

a
. 

u
.]

Radial coordination [Å]

Pc′-NP5-550-a

FePc

Fe3O4 (×1/2)

Pc′-NP10-550-a

Pc′-NP10-800-a

Pc′-NP5-800-a

(a) Fe K Fe (×1/10)

Page 6 of 10Nanoscale



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

with previous studies showing the high HER activity at Co–N–C 

catalysts.52–54 The advantage of the large pore was 

demonstrated in the CRR/HER at MPc′-NPm-550-a (M = Co, Ni) 

except for the HER in the low potential region at CoPc′-550-a. 

The slight increase in the current at Pc′-NP10-800-a was also 

observed, whereas the low current at the 3D-OPC obtained by 

the additional heat treatment at 800 °C was attributed to the 

loss of the ordered M–N4 structure. 

Conclusions 

The 3D-ordered porous carbon materials, 3D-OPC, with the M-

N-C site (M = Fe, Co, Ni) were synthesized from the metal 

phthalocyanine with the substituent containing the alkyl chain 

and the triple bond, which enabled the homogeneous self-

assembly with the Fe3O4 NPs as the pore template and the 

prevention of melting away during the carbonization process 

through the polymerization via the triple bond. The Fe–N4 

structure was generated by the reaction between the Fe3O4 NPs 

and the free-base phthalocyanine derivative, while the Co–N4 

and Ni–N4 structures were imparted to the carbon materials 

through the retention of the phthalocyanine center of the 

corresponding metal phthalocyanine derivatives during 

carbonization. The catalytic activities for ORR, CRR, and HER 

were heavily dependent on the metal center of the M–N4 

structure on the surface of the 3D-OPCs. The Fe–N–C 3D-OPC 

was favorable for the ORR but unfavorable for the HER, 

particularly for the CRR. In contrast, notable CRR activity was 

only observed for the Ni–N–C 3D-OPC. Co–N–C 3D OPC 

exhibited moderate activity for the ORR and the highest activity 

for the HER. Additional heat treatment at 800 °C enhanced the 

ORR but caused disorder in the Co–N4 and Ni–N4 structures. 

Improved activities for all three reactions were also attained by 

applying the larger-pore template, which indicated the 

significance of pore development in 3D OPC, providing an 

advantage for mass transfer. This study presented a feasible 

method to synthesize pore-size controlled 3D-OPCs compatible 

with the metal–N4 structure. A wide variety of metals could be 

incorporated as long as the metal-Pc′ is synthesized, potentially 

leading to catalysts applicable to various reactions.55,56 The 

Fig. 7. Relationships between electrode potential and ORR current at MPc′-550-a, MPc′-

NPm-T-a (m = 5, 10; T = 550, 800) in O2-saturated 0.1 mol dm−3 KOH at 25 °C. The 

potential scan rate was 10 mV s−1. The relationship at Pt/C is also shown for comparison. 
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insufficient catalytic properties in terms of the ORR activity and 

the CRR selectivity, in particular, are disadvantages to be 

overcome. One of the promising methods would be usage of a 

secondary template in addition to the primary Fe3O4 NP 

template, such as 2D-materials57,58 and nano-size shape 

ordered metal–organic frameworks,59–61 to form a nano-size 

3D-OPC to further enhance the accessibility to the catalytic 

active sites. 

Experimental 

Synthesis of 3D-OPC 

The phthalocyanines with the alkynyl substituent, Pc′, CoPc′, 

and NiPc′, were synthesized according to the previous report.31 

The metal sources were Co(CH3CO2)2∙4H2O and 

Ni(CH3CO2)2∙4H2O. The generation of Pc′, CoPc′, and NiPc′ was 

confirmed by matrix-assisted laser desorption/ionization-time 

of flight (MALDI-TOF)-MS (Bruker Daltonics, AutoFlex II). Fe3O4 

NPs dispersions in toluene (5 wt.%, including the dispersant) 

were purchased from Sigma–Aldrich. 

A 1 cm2 piece of CP sheet (TGP-H-090, Toray), with thickness 

0.28 mm, and void fraction 0.78 (according to the 

manufacturer’s datasheet) was immersed in a mixture prepared 

by dissolving 5 mg of MPc′ in 1 cm3 of NPm, which was slowly 

evaporated to cause the self-assembly in the CP void and 

completely dried in a vacuum at 90 °C overnight to produce 

composites (MPc′-NPm). Next, the composite was heat-treated 

in Ar atmosphere at 550 °C for 1h after raising the temperature 

at a rate of 5 °C min–1 to obtain carbonaceous composites 

(MPc′-NPm-550). The composite was then treated in boiling 6 

mol dm–3 HCl (Nacalai Tesque) for the template removal, rinsed 

with high-purity water, and dried in a vacuum to produce the 

3D-OPC/CP composites (MPc′-NPm-550-a). The carbonaceous 

composite was also prepared by dissolving 5 mg of MPc′ in 1 

cm3 of toluene instead of NPm, drying, and the heat treatment 

at 550 °C (MPc′-550). The composite obtained after the acid 

treatment of MPc′-550 is labeled MPc′-550-a. Then, the second 

heat treatment was carried out for MPc′-NPm-550-a and MPc′-

550-a at 800 °C in an Ar atmosphere for 1h after raising the 

temperature at a rate of 5 °C min–1, which was followed by the 

acid treatment to obtain MPc′-NPm-800-a and MPc′-800-a, 

respectively. 

Characterization 

TG–DSC analysis of MPc′ was performed using a 

thermogravimeter (STA2500, Netzsch) from 60 to 800 °C at 10 

°C min−1 under He flow (150 cm3 min−1). The effluent gas from 

the TG–DSC measurements was analyzed using a quadrupole 

mass spectrometer (JMS-Q1500GC, JEOL). FESEM images were 

obtained using a JSM-6700F (JEOL). FFT images were obtained 

using ImageJ software.36 Raman spectra were recorded using a 

Raman spectrometer (LabRAM HR Evolution, HORIBA) with a 

532 nm laser as the excitation source. X-ray photoelectron 

spectroscopy (XPS) was performed using an AXIS ULTRA DLD 

system (Kratos Analytical) with Al K (1486.6 eV) and Mg K 

(1235.6 eV) radiation. Mg K radiation was used to obtain the 

Fe 2p spectra of MPc′-NPm-550-a (M = Co, Ni) to avoid 

interference from the LMM Auger peaks. The measurements of 

X-ray absorption fine structures were performed in air at room 

temperature in fluorescence mode with a 19-element Ge solid-

state detector using synchrotron radiation at the BL14B2 

beamline of SPring-8 at the Japan Synchrotron Radiation 

Research Institute. The incident angle of the X-ray beam on the 

sample surface was approximately 45°, and the detector was 

directed perpendicular to the beam. The RSF was obtained 

through Fourier transformation of the k3-weighted EXAFS 

spectra using the REX2000 program (Rigaku). 

Evaluation of electrochemical catalytic activity 

The 3D-OPC/CP composite was fixed on a glassy carbon plate 

(GC, 10 × 10 × 1 mm, BAS) to form an electrode, and its catalytic 

activity was evaluated. The GC surface was polished with a 0.05 

mm alumina suspension (Baikowski) and ultrasonically cleaned 

in high-purity water, which was obtained using a Barnstead 

MicroPure water purification system (Thermo Scientific). The 

GC surface was then masked using a polytetrafluoroethylene 

(PTFE) adhesive tape (Nitoflon No. 903UL, Nitto Denko) with an 

opening of 5 mm × 10 mm. The 3D-OPC/CP composite was cut 

into pieces of 5 mm × 10 mm, placed on the GC surface, and 

fixed by covering the upper and lower parts of the composite 

with a width of 1 mm using a PTFE adhesive tape; only the PTFE 

side faced the composite and electrolyte. An Au wire was fixed 

to the back of the GC plate to form a working electrode. In order 

for the electrolyte to fully penetrate into the pores of the 3D-

OPC/CP composite, the working electrode was soaked in boiling 

high-purity water at a reduced pressure and room temperature 

(approximately 23 °C) before immersing it in the electrolyte. 

A composite of CP and Pt-loaded carbon black (Pt/C, Pt loading 

of 20 wt.%, Johnson & Matthey) was prepared as a reference 

for the catalytic activity evaluation. An aliquot of 6.3 mg of Pt/C 

was added to a 1 cm3 aqueous solution containing 0.214 cm3 of 

2-propanol (Kanto Chemical) and a 71.6 mm3 of the 5 wt.% 

Nafion solution (Sigma–Aldrich) and dispersed ultrasonically. An 

aliquot of 40 mm3 of the Pt/C dispersion was immersed in TGP 

(1 cm2) and dried to form the Pt/C–CP composite containing 

0.25 mg cm−2 of Pt/C (Pt, 0.05 mg cm−2). 

The electrolyte for evaluating ORR was 0.1 mol dm−3 KOH 

prepared by diluting 3 mol dm−3 KOH (Ultrapure, Kanto 

Chemical) with high-purity water. The counter electrode was a 

strip of carbon cloth (ElectroChem), and the reference electrode 

was Hg/HgO/0.1 mol dm−3 KOH. The electrode potential was 

plotted against the reversible hydrogen electrode (RHE). 

Electrochemical measurements were performed using a three-

electrode glass cell and an electrochemical analyzer (ALS760E, 

BAS). Before the catalytic activity evaluation, the steady-state 

cyclic voltammogram was obtained in the Ar-saturated 

electrolyte by repetitive potential scans at 10 mV s−1 between 

0.05 and 1.25 V. The background current was recorded by the 

potential scan from 1.25 to 0.05 V at 10 mV s−1 and 25 °C. The 

ORR current was measured after saturation of the electrolyte 

with oxygen. The ORR current was calculated by subtracting the 

background current from the measured value. 
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The catalytic activities for CRR and HER were also evaluated 

using a 2-compartment cell (VB9B, EC Frontier) and an 

electrochemical analyzer (HZ-5000, Hokuto Denko). The 

electrolyte, 0.5 mol dm−3 KHCO3 saturated with CO2, was placed 

in the working electrode compartment. Ag/AgCl/saturated KCl 

was used as the reference electrode. The electrode potential 

was plotted against the RHE. The counter electrode was a Pt 

wire placed in the other compartment, separated by a Nafion 

N117 (Chemours) membrane. The membrane was successively 

immersed in 3% H2O2, high-purity water, 1 mol dm−3 H2SO4, and 

high-purity water at boiling temperatures before use. The 

current–voltage curve was measured by the negative potential 

scan from at 10 mV s−1. The current efficiency was obtained by 

analyzing the gas accumulated above the electrolyte during 

electrolysis at −0.8 V up to 1.5 C with a gas chromatograph–

mass spectrometer (GCMS-QP 2010 Plus, Shimadzu). 
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