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ment of electrocatalytic activities
for gas-consuming reactions by bimodal
mesopores†

Ling-Yu Dong, Xu Hu, Yun-Zhe Du, Rui Ge, Guang-Ping Hao * and An-Hui Lu *

Electrochemically catalytic conversions have attracted worldwide interest as promising routes to reach

a sustainable and green energy cycle. The exploration of efficient electrocatalysts is one of the key tasks,

in which the majority has focused on devising new active centers; however, mass transport that

determines the reactant supply and the conductance of electrolyte ions and electrons is often

overlooked. Here, we report on spatially locating active centers into parallelly bimodal mesopores by

precisely engineering mesopore geometries, through which the contribution of the paralleled transport

channels to the activity of gas-consuming reactions was quantitatively determined. Under identical

conditions, bimodal mesoporous carbon-based electrocatalysts displayed a 2.9 times higher CO partial

current density than monomodal mesoporous catalysts for CO2-to-CO conversion in the kinetic region

of �1.1 V vs. RHE. Likewise, the strong correlation between the activity enhancement and the bimodal

mesopore geometry was verified for supported molecular catalysts and applicable to other gas-

consuming reactions such as the O2 reduction reaction. These encouraging results offer a fresh and

general idea to advance electrocatalysts by pore geometry engineering on the mesoscale.
Introduction

With the concept of carbon neutrality reaching a consensus
globally, electrochemical conversions have been increasingly
postulated as important alternative routes for sustainable
synthesis in view of the expected availability and low pricing of
renewable electricity.1 Among the electrochemical processes,
the reduction reactions of CO2 (CO2RR), O2 (ORR), N2 (NRR) etc.
are typical gas-consuming reactions, which occur at gas–liquid–
solid tri-phase interfaces.2 To ensure an effective conversion, an
efficient coupling of protons and electrons with reactants
around catalytically active centers is required.3,4 Thus,
a continuous supply of feed gases (e.g., CO2 or O2) and a high
conductivity of protons and electrons to the active centers are
the critical factors for high activity of an electrocatalytic system,
while mass transport is essentially associated with the porous
structure of electrocatalysts.

Porous carbon-based materials show excellent conductivity,
controllable pore structure and hydrothermally stable frame-
works, representing one of the most appealing classes of elec-
trocatalysts.5 The majority of current efforts are taken on
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designing new catalytic sites through surface functionalization
such as heteroatom doping,6,7 defect engineering etc.8–13

However, the transport channels towards the active sites oen
show high tortuosity which suppresses internal diffusion,
consequently leading to sluggish reaction kinetics. Indepen-
dent research evidenced that a large proportion of narrow
micropores displayed a low CO yield and Faraday efficiency (FE)
in the catalytic CO2RR.14,15 Similarly, nitrogen-coordinated
cobalt sites in tortuous carbon pores were found partly inac-
cessible to ORR reactants, and thus decreased the utilization of
the active sites.16

To make the transport channels more accessible, various
methods have been investigated to increase the porosity and/or
pore size17–20 For instance, by creating 2.45 times higher porosity
(0.49 vs. 0.20 cm3 g�1) than that of Fe, N-co doped porous
carbon electrocatalysts, researchers found that a 4.4 times
higher CO partial current density (jCO) could be reached.21

Likewise, Dorottya et al.22 conrmed that mesoporous carbon-
based electrocatalysts with the peak pore size distribution at
27 nm delivered a high FECO and jCO. Meanwhile, it was found
that the intrinsically active sites located in ordered mesoporous
carbons led to superior catalytic activities due to improved
reactant supply and highly accessible active sites.23–28 Overall,
the available ndings demonstrated that mass transfer limita-
tions restrict the kinetics for the CO2RR or ORR, while the re-
ported carbon supports still lack pore geometry control over
diffusion paths for molecules and solvated ions on the
mesoscale.29
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Previous experimental and theoretical studies indicated that
molecular diffusions in porous media were explicitly correlated
with mesopore geometries.30,31 The transport channels in
carbon-based catalysts are mainly in the forms of cavity, sphere,
cube or their combinations, which oen lower the diffusivities
of guest molecules/ions compared to straight transport chan-
nels.18,23 Templated mesoporous carbons can be precisely tailor-
made in terms of pore size, connectivity and geometry, making
them ideal model catalysts for a wide range of electrochemical
conversions. However, there are few efforts reported to unveil
the inuences of mesopore geometries of electrocatalysts on
gas-consuming electroreduction reactions.

Herein, we reported that spatially locating active centers in
terms of metal–nitrogen coordinated sites or Co–porphyrin
molecular catalysts into highly accessible bimodal mesopores
can be facilely achieved, enabling them to serve as efficient
electrocatalysts for gas-consuming reactions. Exemplied by the
CO2RR conversions, the bimodal mesoporous electrocatalysts
exhibited a 2.9 times higher CO geometric current density than
monomodal inter-rod mesoporous catalysts; similar enhance-
ment was also observed for a supported Co–porphyrin molec-
ular catalyst as well as in selective O2 electroreduction. The
quantication of the pore geometry effects would benet in-
depth understanding of other electrocatalytic reactions
beyond the gas-consuming reactions targeted here.
Experimental section
Chemicals and materials

All chemicals were purchased and used as received without
further purication unless otherwise stated. CO2 (99.99%) and
Ar (99.9%) were purchased from Dalian Special Gases Co., Ltd.
KHCO3 (99.9%), phenanthroline monohydrate (Phen) and
cobalt porphyrin (CoTPP) were purchased from Aladdin. Nick-
el(II) nitrate hexahydrate was purchased from Sinopharm
Chemical Reagent Co., Ltd.
Synthesis of electrocatalysts

Bimodal and monomodal mesoporous carbon supports.
Bimodal mesoporous carbon (CMK-5, denoted as BMC) was
prepared through a nanocasting method with mesoporous
silica SBA-15 as the template, furfuryl alcohol (FA) as the carbon
source and trimethylbenzene (TMB) as the pore-enlarging agent
by following a known procedure.32 For the preparation of
monomodal mesoporous carbon (CMK-3, denoted as MC), all
the procedures were kept identical except for the absence of
TMB.33 For comparison, commercial activated carbon YP-50 was
employed as the microporous carbon support.

Bimodal and monomodal mesoporous NiNx electrocatalysts.
Typically, for the synthesis of NiNx@BMC catalysts, a certain
amount of Ni(NO3)2$6H2O and Phen in stoichiometric propor-
tions were dissolved in DI water, resulting in a Phen–Ni complex
solution. Subsequently, 320 mL Phen–Ni complex was impreg-
nated into BMC supports, which were dried at 50 �C overnight,
and then treated in Ar at 300 �C and 900 �C for 1 h, respectively.
The resultant composite was leached by hydrochloric acid (HCl,
17822 | J. Mater. Chem. A, 2021, 9, 17821–17829
4 M) to remove the Ni nanoparticles, followed by washing with
water until neutralization. Aer drying, the NiNx@BMC elec-
trocatalyst was obtained with a nominal Ni loading of 4 wt%. By
varying the loading of the Phen–Ni complex, the NiNx@BMC
samples with nominal Ni loadings of 2 and 8 wt%were prepared
and denoted as NiNx@BMC-L and NiNx@BMC-H, respectively.
Correspondingly, the specic surface area normalized Ni load-
ings for NiNx@BMC-L, NiNx@BMC and NiNx@BMC-H were
calculated to be 0.00883, 0.0172 and 0.0353 mg m�2, respec-
tively. Similarly, NiNx@MC-L, NiNx@MC and NiNx@MC-H with
the same normalized Ni loadings of 0.00883, 0.0172 and
0.0353 mg m�2 were prepared, respectively. For comparison,
a microporous electrocatalyst with a normalized Ni loading of
0.0172 mg m�2 was prepared following the same procedures,
denoted as NiNx@microC.

Bimodal and monomodal mesoporous molecular electro-
catalysts. A certain amount of CoTPP was dissolved in DMF at
120 �C. Then, CoTPP was supported on BMC via impregnation
to achieve a nominal CoTPP loading of 0.2208 mg m�2, and was
dried at 120 �C for 2 h. Finally, the CoTPP@BMC electrocatalyst
was obtained by drying in a vacuum at 100 �C for 24 h to remove
the residual DMF. The preparation procedure for CoTPP@MC
was identical to that of CoTPP@BMC but BMC was replaced
with MC.

Characterization

N2 sorption isotherms were collected at 77 K using a gas
adsorption analyzer (Micromeritics, Tristar 3000). Powder X-ray
diffraction (XRD) measurements were conducted with a PAN-
alytical X'Pert3 powder diffractometer with Cu Ka radiation (l¼
1.5406 Å). Transmission electron microscopy (TEM) was per-
formed on an FEI TALOS F200X instrument. X-ray photoelec-
tron spectroscopy (XPS) was conducted on an ESCALAB XI+,
Thermo Ltd, with a monochromatic X-ray source (Mg Ka).
Raman spectra were recorded on a DL-2 microscopic Raman
spectrometer with a laser (532 nm) as the emission light source.
Inductively coupled plasma mass spectrometry (ICP-MS) was
performed with an Agilent Technologies 7700 series
instrument.

Electrochemical tests for the CO2RR and ORR

Electrochemical measurements were performed using an elec-
trochemical workstation (Ivium-n-Stat) without IR-compensa-
tion. The catalyst ink was prepared by mixing the catalyst with
water, ethanol, and Naon solution (5 wt%) to form a suspen-
sion with an active material loading of 6.6 mg mL�1. For the
CO2RR test, a three-electrode system was applied with a working
electrode, a saturated Ag/AgCl reference electrode, and a plat-
inum sheet counter electrode. The reactant CO2 was bubbled
into a cathodic conductive electrolyte in a H-cell, and the FE was
quantied by analyzing the content of gas products through
online gas chromatography (Agilent, GC 7890B). Aer sonica-
tion for 60 min, 76 mL of the catalyst ink was pipetted onto
carbon paper (1.0 � 1.0 cm2), which was vacuum dried over-
night at 100 �C. The catalyst loading is ca. 0.5 mg cm�2. The
ORR activities of the as-prepared catalysts were studied using
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic of the synthesis of bimodal and monomodal mes-
oporous electrocatalysts NiNx@BMC and NiNx@MC.
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a rotating ring disk electrode (RRDE; Ivium Technologies). A
three-electrode system was built with an RRDE (glassy carbon
(GC) disk + Pt ring), an Ag/AgCl reference electrode, and a plat-
inum wire counter electrode. The above catalyst ink (ca. 6 mL)
was dripped onto a pre-polished glassy carbon disk to achieve
the working electrode with a catalyst loading of 0.3 mg cm�2

(disk area: 0.1256 cm2, ring area: 0.07854 cm2). Before
commencing ORR performance measurements, the RRDEs
were pre-cycled with 40 cyclic voltammetry (CV) scans between
0.2 and 1.2 V vs. RHE in Ar-saturated 0.1 MKOH. The Pt ring was
then electrochemically cleaned in the same potential range at
a scan rate of 500 mV s�1 for 20 cycles. Linear sweep voltam-
metry (LSV) polarization measurements were performed in O2-
saturated 0.1 M KOH at a scan rate of 5 mV s�1 with a rotation
speed of 1600 rpm. The potential of the Pt ring was kept at 1.2 V
versus RHE. Polarization curves in Ar-saturated electrolytes were
also recorded as a reference. All potentials were converted to the
reversible hydrogen electrode (RHE) reference scale using the
equation: E vs. RHE ¼ E vs. Ag/AgCl + 0.0591 � pH + 0.1981 V.

The H2O2 selectivity was calculated using the following
equation:

H2O2 (%) ¼ 200 � jr/(jd � N + jr)

where jd and jr are the currents obtained from the glassy carbon
disk and Pt ring, respectively. N is the calibrated collection
efficiency of RRDEs (N ¼ 0.385).

The following equations were used to calculate the product-
specic current density for H2O2 formation (jH2O2

) and H2O
formation (jH2O):

jH2O2
¼ jr/(N � Ageom)

jH2O
¼ jd � jH2O2

where Ageom is the surface area of the Pt ring.
The ORR electron transfer number (n) is determined from

the following equation:

n ¼ 4 � jd/(jd + jr/N)

Results and discussion

Two types of sophisticated mesoporous carbon models (BMC
and MC) were employed for the investigation of the mesopore
geometry inuence on the electrocatalytic gas-consuming
reduction reactions such as the CO2RR or ORR. The graing
of the coordinated NiNx centers in the mesopores of the BMC
and MC was through incipient wetness impregnation and
subsequent thermal treatment in an Ar atmosphere and
leaching. By doing so, targeted location of active sites was
achieved with a spatially specic feature (Fig. 1). On the MC, the
NiNx active centers are distributed in the inter-rod mesopores,
while for the BMC, the active centers are located at both intra-
tube and inter-tube mesopores. In addition to the coordinated
NiNx sites, the loading of larger porphyrin-type molecular
This journal is © The Royal Society of Chemistry 2021
centers (CoTPP, �1.64 nm length � 1.64 nm width)34 into the
different mesopores was also explored. In principle, the ordered
mesopores will promote rapid diffusion of reactants and prod-
ucts in/out of the active centers conned in the mesopores.35 On
the basis of the clear structure of the BMC and MC, we could
extract in-depth information regarding the inuence of meso-
pore geometry on their electrocatalytic performance.36

The mesopore structure of the model carbon-supported
electrocatalysts was investigated by N2 physisorption and
small angle XRD. The NiNx@BMC electrocatalyst exhibited
a typical type-IV isotherm with a pronounced hysteresis loop at
higher relative pressures, and the capillary condensation step
corresponds to the lling with N2 of small mesopores and wide
mesopores in the P/P0 range from 0.4 to 0.6, and 0.6 to 0.8,
respectively (Fig. 2a).37 In contrast, only a small hysteresis loop
was observed in the P/P0 range from 0.4 to 0.6 for NiNx@MC.
These results indicated the existence of mesopores in both
samples and the formation of two types of mesopores at
different length scales in NiNx@BMC. Moreover, NiNx@BMC
exhibited much higher adsorption capacity than NiNx@MC due
to its bimodal mesopore geometry. The pore size distributions
(PSDs) were determined by using the Barrett–Joyner–Halenda
(BJH) theory based on the data points of the adsorption branch
of the isotherms. The PSD curves (Fig. 2b) conrmed the
bimodal mesopore systems of NiNx@BMC with the peak PSD
centered at about 2.7 and 5.4 nm, corresponding to the inter-
tube and the intra-tube mesopores, respectively. The NiNx@-
MC sample, however, exhibited only inter-rod mesopores with
the peak PSD at 3.7 nm. In contrast, NiNx@microC exhibited
a type-I isotherm, indicating its predominant microporous
feature (Fig. S1†). The bimodal mesopore geometry of NiNx@-
BMC gave rise to a larger BET surface area of 1434 m2 g�1 and
a total pore volume of 1.81 cm3 g�1 compared to those of
NiNx@MC (830 m2 g�1, 0.92 cm3 g�1) and NiNx@microC (974
m2 g�1, 0.54 cm3 g�1) (Table S1†). In addition, the small angle
XRD pattern (Fig. 2c) displayed a bump at around 0.9� and 1.1�,
corresponding to the (100) and (110) reections of hexagonal
mesopores, respectively. The d-spacing calculated using the
Bragg equation is 9.9 nm for the (100) plane of NiNx@BMC.
Aer NiNx functionalization, the materials displayed very
similar small angle XRD patterns, N2 adsorption isotherms and
J. Mater. Chem. A, 2021, 9, 17821–17829 | 17823
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Fig. 2 Materials characterization of BMC and MC based electrocatalysts. (a) Nitrogen sorption isotherms, (b) pore size distributions, (c) small
angle XRD patterns of MC, BMC, NiNx@MC and NiNx@BMC; (d and e) bright-field TEM images, (f) dark-field scanning TEM image, (g) HAADF-
STEM image and EDS mapping of NiNx@BMC.
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PSDs, indicating that the model mesopore geometry was not
affected by the NiNx incorporation.

The bimodal mesopores of NiNx@BMC were further studied
by transmission electron microscopy (TEM; Fig. 2d–f, S2 and
S3†). NiNx@BMC displayed alternating brightness and dark-
ness, indicating a 2-D hexagonally ordered array of carbon tubes
(Fig. 2d). The periodically ordered nanotube arrangement with
a well-developed long-range order was further revealed from the
light eld (Fig. 2e) and dark eld images in different directions
(Fig. 2f). The center-to-center distance of adjacent channels in
NiNx@BMC was around 9.6 nm, which is in line with the results
from N2 physisorption and small angle XRD. In addition, high-
angle annular dark eld scanning TEM (HAADF-STEM) and the
corresponding energy-dispersive X-ray spectroscopy (EDS)
element mapping further veried the homogeneous distribu-
tion of C, N and Ni atoms on the surface of NiNx@BMC (Fig. 2g).
The NiNx@BMC electrocatalyst with a straight and bimodal
mesopore geometry was expected to enhance mass transport for
gas-consuming reactions compared to its rod-type counterpart
(NiNx@MC).38
17824 | J. Mater. Chem. A, 2021, 9, 17821–17829
The wide-angle XRD patterns of NiNx@BMC and NiNx@MC
showed relatively broad peaks centered at 24� and 44� (Fig. 3a
and S4†), which correspond to the typical (002) and (100) planes
of carbon materials, respectively. No metal-related diffraction
peaks were observed in the XRD patterns, which conrms that
the Ni species are in a highly dispersed phase. With increasing
the Ni loading, the obtained NiNx@BMC started to show visible
diffraction peaks which could be assigned to Ni nanoparticles.
Raman spectra were then employed to investigate the carbon
defects of BMC and MC aer NiNx functionalization. Both
spectra revealed two typical bands at approximately 1335 cm�1

and 1585 cm�1 corresponding to the D and G bands of carbon
materials, respectively (Fig. 3b).39 The area ratio of D to G band
for NiNx@BMC and NiNx@MC was almost the same (2.616 vs.
2.615), indicating similar concentrations of carbon defects in
both catalysts. The surface chemical composition and
elemental states in NiNx@BMC and NiNx@MC were investi-
gated by X-ray photoelectron spectroscopy (XPS). The survey
spectrum (Fig. S5†) revealed the existence of C, N, O and Ni
elements in both samples, with the surface Ni content of
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Materials characterization of BMC and MC based electro-
catalysts. (a) XRD patterns of MC, BMC and the final electrocatalysts; (b)
Raman spectra; (c) high-resolution XPS N 1s and (d) Ni 2p spectra of
NiNx@BMC and NiNx@MC.
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approximately 0.22 at% and 0.27 at% for NiNx@BMC and
NiNx@MC, respectively (Table S2†). The actual Ni loadings for
NiNx@BMC and NiNx@MC were determined to be 0.77 and
0.50 wt% by ICP-MS analysis, which are in agreement with the
specic surface area normalized Ni loadings. In addition, the N
contents in NiNx@BMC and NiNx@MC are 1.44 at% and 2.18
at%, respectively. The N 1s (Fig. 3c) and Ni 2p spectra (Fig. 3d)
both conrmed the formation of a Ni–N–C structure. The N 1s
spectra of both catalysts can be deconvoluted into pyridinic-N
(398.4 eV), Ni–N (399.4 eV), pyrrolic-N (400.5 eV), graphitic-N
(401.5 eV), and oxidized-N (404 eV).40,41 The binding energy for
nitrogen in coordinated Ni–N sites is around 399.4 eV, which is
close to that of atomically dispersed Ni–N3 or Ni–N4 sites re-
ported in the literature42,43 The binding energy of Ni 2p3/2 for
both NiNx@BMC and NiNx@MC is around 855.2 eV, which is
located between the metallic Ni0 (�852.6 eV) and Ni2+ (�856.0
eV) oxidation states.44–46 Thus, the XPS results for Ni 2p sug-
gested that the Ni atoms in NiNx@BMC and NiNx@MC are
likely in a low-valence state, which coincides with the charac-
teristic of the Ni–N–C catalysts.45,46 The high-resolution C 1s
spectrum (Fig. S6†) of the two samples indicated similar sp2-C
(284.6 eV), sp3-C (285.3 eV), C–O (286.3 eV), C]O (287.6 eV),
O]C–O (289.1 eV), and p–p* (291 eV).47 Based on the above-
mentioned characterization, it can be inferred that the two
catalysts display similar physicochemical properties in terms of
composition, defects, nature and density of intrinsic active sites
etc., while the main difference lies in the mesopore geometries.

The electrocatalytic CO2RR performances of bimodal
NiNx@BMC and monomodal NiNx@MC were rst evaluated by
LSV in Ar- and CO2-saturated 0.5 M KHCO3 electrolyte (Fig. S7†).
The LSV curves indicated that both electrocatalysts exhibited
a much higher current density in CO2-saturated electrolyte,
This journal is © The Royal Society of Chemistry 2021
indicating their activity for the CO2RR. To further investigate
the selectivity and CO production rates, constant potential
electrolysis at applied potentials of �0.4 to �1.2 V was per-
formed in a sealed H-type cell. It has been well proven that NiNx

sites are active coordinated non-precious metal centers for CO
production. Consistently, CO was the major gas product and no
liquid products could be detected for our electrocatalysts.

To unveil the role of mesopore geometry in selective CO2

reduction to CO, we assessed the catalytic performances of
different standards including areal and mass normalization.
The areal activity refers to the activity normalized by the specic
surface area. Alternatively, the mass activity refers to the activity
normalized by the total mass of the electrocatalysts. In addition,
the performance by normalizing to ECSA was rst evaluated. For
instance, by varying catalyst loading on carbon paper, electro-
catalysts with similar double layer capacitances (Cdl) were ob-
tained, with values of 8.72 and 8.92 mF cm�2 (Fig. 4a) for
NiNx@BMC and NiNx@MC, respectively. This indicated similar
accessibility of the reaction interface. Meanwhile, we applied
the same specic surface area normalized Ni loading for both
NiNx@BMC and NiNx@MC, meaning that the two materials
possessed the same areal density of the NiNx sites. In this way,
the CO2RR performance essentially reects the inuences of
different mesopore geometries. NiNx@BMC displayed a signi-
cantly larger ECSA-normalized specic activity (Fig. S8†),
demonstrating that the enhanced CO2 and proton supply was
the main reason for the higher jCO of NiNx@BMC than that of
NiNx@MC.48

The NiNx@BMC catalyst also manifested a much superior
geometric jCO in the whole potential range tested (Fig. 4b),
particularly showing 2.9 times higher jCO (38.5 mA cm�2) than
NiNx@MC (13.2 mA cm�2) at �1.1 V. Meanwhile, the CO2

reduction onset potential of NiNx@BMC is at least 100 mV
earlier than that of NiNx@MC. More intriguingly, the jCO started
to decrease at more negative potentials (#�1.1 V) for NiNx@-
BMC, whereas for NiNx@MC it started to reduce aer only
�0.9 V. We speculate that the excellent activity at higher
potential was ascribed to the enhanced CO2 diffusion over the
highly interconnected bimodal mesopore geometry for
NiNx@BMC. The supply of CO2 in the aqueous phase is oen
limited, particularly at high overpotentials, meanwhile the
protonmobility has been evidenced to be faster than that of CO2

molecules, which led to competitive hydrogen evolution reac-
tions.49 The performances of the state-of-the-art supported NiNx

electrocatalysts obtained under similar test conditions are
compared in Table S3.† Notably, the highest production rate for
NiNx@BMC (Fig. 4c) reached 712.5 mmol cm�2 h�1 in the
kinetic region of �1.1 V, almost 3.0 times higher than that for
NiNx@MC (241.2 mmol cm�2 h�1). The maximum jCO of
NiNx@BMC outperformed that of most of the reported catalysts
under identical conditions. Furthermore, NiNx@BMC also dis-
played excellent CO selectivity, maintaining a high FECO (above
87%) over a wide potential range (from�0.6 to�1.0 V), with the
highest FECO (94.8%) achieved at �0.9 V (Fig. 4d). The above
results strongly evidenced that the unique bimodal mesopore
geometry is in favour of catalytic activities for the CO2RR to CO
because of facilitated mass transfer.
J. Mater. Chem. A, 2021, 9, 17821–17829 | 17825

https://doi.org/10.1039/d1ta05355h


Fig. 4 Performance evaluation of the electrocatalysts. (a) Double layer currents as a function of the scan rates, calculated from the cyclic
voltammograms, (b) CO partial current densities, (c) CO production rates, (d) CO Faradaic efficiencies, (e) Tafel plots, and (f) the comparison of
CO2RR performances of the bimodal and monomodal electrocatalysts at �1.0 V vs. RHE.
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Furthermore, we veried the inuence of the bimodal mes-
opores of electrocatalysts with varied Ni loadings. The CO2RR
performances of these samples with lower (NiNx@BMC-L vs.
NiNx@MC-L) or higher (NiNx@BMC-H vs. NiNx@MC-H) Ni
loadings in terms of the current density, FE and production
rates of CO share a similar trend (Fig. S9 and S10†). NiNx@BMC-
L exhibited 3.1 times higher jCO (27.5 mA cm�2) and CO
production rate (515.2 mmol cm�2 h�1) than NiNx@MC-L at
�1.0 V. Furthermore, the FECO of NiNx@BMC-L also reached
nearly 100% at�0.7 V, markedly larger than that of NiNx@MC-L
(83%). With the loading of Ni increasing, Ni clusters started to
appear which would improve the HER activity of NiNx@BMC-H
(Fig. S5†). Even in this case, the jCO and FECO are still higher
than those of NiNx@MC-H. In addition, NiNx@BMC sustained
its high catalytic activity (20 mA cm�2) for up to 24 h at �0.9 V
(Fig. S11†), indicating its long-term stability. Tafel slopes of
108.3 and 135.8 mV dec�1 were obtained for NiNx@BMC and
NiNx@MC, respectively (Fig. 4e). The Nyquist plots (Fig. S12†)
also showed a lower charge transfer resistance and Warburg
diffusion resistance and faster electron kinetics for NiNx@BMC,
which all implied that the bimodal mesopore geometry can
signicantly accelerate the catalytic reaction kinetics (Fig. 4f).
However, the microporous NiNx@microC displayed a smaller
jCO of around 10.7 mA cm�2, a lower CO production rate of
around 195 mmol cm�2 h�1 and a higher Tafel slope of 165.2 mV
dec�1 over a wide range of potentials (Fig. S13†) than the mes-
oporous counterparts. These results strongly support the key
role of the mesoporous transport channels.

Next, the CO2RR performance by normalizing to the mass of
active sites, i.e., NiNx sites, was evaluated. With the same weight
17826 | J. Mater. Chem. A, 2021, 9, 17821–17829
loading of active sites on the BMC and MC, we ensured that the
total number of active sites was the same on both samples, but
were dispersed more loosely on the BMC than on the MC
(Fig. S14a†). To this end, the CO2RR performance further
reects the inuences of mass transport through the meso-
porous channels and electrolyte ion diffusion. When the Ni
loading is 2 wt%, the obtained NiNx@BMC displayed a larger
jCO and FECO over the whole potential range (Fig. S14b and c†).
The higher Ni loading up to 4 wt% improved the catalytic
activity of both electrocatalysts. The jCO is improved up to 38.2
mA cm�2 for NiNx@BMC at �1.0 V, which is still 1.7 times
higher than that of NiNx@MC (22.9 mA cm�2), while main-
taining a 60.0% higher FECO (Fig. S14d and e†). This further
indicated that the bimodal mesopore geometry of NiNx@BMC
is conducive to the faster mass transfer of reactants or products
through the bimodal mesopores.

We further replaced the NiNx active sites with a larger
molecular catalyst, cobalt meso-tetraphenylporphyrin (CoTPP),
which was loaded on the BMC and MC by impregnation
(CoTPP@BMC and CoTPP@MC). The CoTPP@BMC catalyst
showed improved activity and selectivity for CO production
compared to CoTPP@MC. The maximum jCO of 33 mA cm�2

was obtained at�1.1 V for CoTPP@BMC (Fig. 5a), which was 1.3
times higher than that of CoTPP@MC. Meanwhile,
CoTPP@BMC showed higher FECO and CO production rates in
a large potential range (Fig. 5b and c). Additionally, a Cdl value
of 1.45 mF cm�2 was calculated for CoTPP@BMC, while for
CoTPP@MC it is 1.50 mF cm�2 (Fig. S15†).

In addition to the model CO2RR, we extended to the gas-
consuming ORR which also occurs at the tri-phase with the
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Performance evaluations. (a) CO partial current density, (b) CO
Faradaic efficiencies, (c) CO production rates for CoTPP@BMC and
CoTPP@MC, (d) RRDE voltammograms for the ORR and H2O2

production, (e) Tafel plots, (f) the H2O2 selectivity of NiNx@BMC and
NiNx@MC and the corresponding electron transfer number.
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gaseous O2 serving as the reactant. We assessed the ORR
performance using a three-electrode rotating ring-disk elec-
trode (RRDE) at 1600 rpm in an O2-saturated 0.1 M KOH elec-
trolyte. The ring electrode was held at 1.2 V to oxidize only the
H2O2 formed at the disk electrode, which avoided other ORR
currents at the ring electrode.50,51 Similarly, NiNx@BMC deliv-
ered enhanced ORR kinetics compared to NiNx@MC as revealed
by the 63.2% higher disk current at 0.68 V and 0.868 V positive
onset potentials (dened as a current density reaching �0.1 mA
cm�2, Fig. 5d), better than that of recently reported ORR elec-
trocatalysts (Table S4†). Notably, a kinetic current density (jK) of
21.2 mA cm�2 at 0.5 V was calculated for NiNx@BMC, approx-
imately 3.5 times higher than that of NiNx@MC (6.1 mA cm�2).
This is a clear indication of the positive role of the bimodal
mesopores. The Tafel slope of NiNx/BMC is smaller than that of
NiNx/MC, which is probably due to the higher diffusion rate of
oxygen in bimodal mesopores, indicating the higher ORR
kinetics. Interestingly, both electrocatalysts displayed different
Tafel slopes at different potential ranges. The lower Tafel slopes
at higher potential are relevant to the reduction of oxygen to
H2O. However, at lower potential, H2O2 is preferentially
produced. This phenomenon is typically ascribed to surface
coverage effects. In other words, it is indicative of a reaction that
does not accelerate quickly upon decreasing the applied
potential, but rather associated with more reaction sites
This journal is © The Royal Society of Chemistry 2021
becoming available. This observation is consistent with the
previous ndings (Fig. 5e).50–52 Note that the H2O2 current
density of NiNx@BMC displayed an evident increase over a wide
potential range of 0.40–0.80 V, which reached around 2.43 mA
cm�2 at 0.50 V, which is 1.12 times higher than that of
NiNx@MC.

In addition, we observed that the H2O2 selectivity of
NiNx@MC is higher than that of NiNx@BMC (Fig. 5f). This
revealed that the bimodal mesopore geometry beneted deeper
reduction to H2O possibly due to the sufficient O2 and proton
supply; however, on the monomodal mesoporous NiNx@MC,
the selective reduction to H2O2 is more preferential. In the
potential range from 0.2 to 0.85 V, the electron transfer
numbers were calculated to be 2.8–3.2 and 2.4–2.7 for NiNx@-
BMC and NiNx@MC, respectively (Fig. 5f), echoing the selec-
tivity trend. These results reveal that the product distributions
can potentially be tuned by tuningmesopore geometries. This is
different from most of the available efforts that have been
devoted to creating new active sites by doping heteroatoms,
introducing transition metals, engineering defective sites etc. to
alter product distributions.53,54 We expect that the mesopore
geometry modulation could be a new method for selective
electrochemical conversions not only for the CO2RR and ORR
targeted here, but also applicable to other electrocatalytic
processes.

Conclusions

In summary, the bimodal mesoporous electrocatalysts were
synthesized and investigated in electrochemical gas-consuming
reactions as exemplied by selective CO2-to-CO and O2-to-H2O2

conversions. The bimodal mesopores were found effective in
reactant gas and proton transport to catalytically active sites,
which led to excellent kinetics and outstanding catalytic
performance with markedly enhanced current density and
production rates. The large contribution of the intra-tube
transport channels of the bimodal mesopore systems to the
catalytic performance was observed for the supportedmolecular
catalysts and other electrochemical reactions such as the ORR
as well. This study opens up a new perspective in boosting gas-
consuming electrochemical reactions by pore geometry engi-
neering on the mesoscale. Based on our experimental evidence
and the literature results, we speculate that the unique bimodal
structure would benet other electrochemical reactions in
liquid electrolytes. And further fundamental understanding
and technological development of the bimodal catalysts are
likely to make pore geometry modulation a general pathway for
other electrochemical conversion processes.
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