
Vol.:(0123456789)1 3

Catalysis Letters (2019) 149:1297–1304 
https://doi.org/10.1007/s10562-019-02694-x

Improved Oxygen Reduction Activity of Transition Metal-Chelating 
Ordered Mesoporous Carbon Fuel Cell Catalysts by Milder Template 
Removal

C. Janson1 · A. E. C. Palmqvist1

Received: 26 October 2018 / Accepted: 31 January 2019 / Published online: 15 February 2019 
© The Author(s) 2019

Abstract
In the synthesis of iron-chelating ordered mesoporous nitrogen-functionalized carbon (Fe–OMC) catalysts, the removal of 
the silica template is a crucial and critical step. The silica removal method used today for the Fe–OMCs is based on the very 
toxic hydrofluoric acid (HF), which usage should be limited where possible. Therefore, the aim of this study is to establish 
a mild (user-friendly), yet efficient, etch method based on dilute sodium hydroxide (NaOH), which does not impair the cata-
lytic performance of the catalyst, to replace the currently used HF method. A comparison between catalysts etched with HF 
versus NaOH was performed in order to gain understanding how the two etch methods influence the final catalysts in terms 
of electrochemical, structural and catalytic properties. The NaOH etch was found to successfully remove the silica template, 
and interestingly, also improve the catalytic performance. The improved activity is explained by a carbon activation process 
occurring in the catalyst treated with the NaOH etch. With these findings, we show that it is possible to remove the silica in 
a more user-friendly way and simultaneously increase the catalysts’ performance by activation of the carbon.

Graphical Abstract
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1  Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are 
interesting devices since they efficiently convert chemi-
cal energy directly into electrical energy. A drawback with 
PEMFCs is the high price mainly caused by use of expen-
sive platinum catalysts. With the aim to make PEMFCs cost 
competitive, interesting noble metal-free catalysts have been 
developed in recent years [1–6]. One such catalyst is the 
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iron-chelating ordered mesoporous nitrogen-functional-
ized carbon (Fe–OMC) catalysts [7–9]. These catalysts are 
prepared via a hard template method in which an ordered 
mesoporous silica acts as a template for the formation of a 
carbon/silica composite. By selective removal of the silica 
from the composite the method provides a carbon-based 
catalyst with high specific surface area and large pore vol-
ume and offers tunable pore diameters and surface proper-
ties of the carbon matrix. The high specific surface area and 
pore volume are beneficial in catalysts since the number of 
catalytically active sites can be increased per unit mass and 
volume of the catalyst, providing high power densities in the 
fuel cell. The selective removal of the silica template can 
in principle be achieved either by etching in acidic hydro-
fluoric acid (HF) or using alkaline potassium or sodium 
hydroxide (KOH or NaOH) solutions. In all work reported 
on the Fe–OMCs for fuel cells so far, the catalysts have been 
prepared using an HF etch to remove the silica. The use of 
HF has been found to leave the chelating properties of the 
nitrogen-functionalized carbon and transition metal ions 
intact and the material electrocatalytically active after the 
etch [7–9].

However, HF is a very harmful, toxic and corrosive acid, 
and its use should be minimized where possible. A better 
option and less toxic alternative would therefore be to use 
an alkaline solution such as NaOH or KOH. NaOH as an 
etchant for silica, to produce mesoporous carbons for elec-
trode/catalyst applications, can be found in numerous studies 
[10–13]. Surprisingly, very few studies reflect on the differ-
ent effects the two etch methods (NaOH and HF) have on 
the carbon and its catalytic properties [14]. The NaOH etch 
method may in fact lead to other advantageous properties 
of the catalysts since NaOH is known to activate carbons 
at high temperatures and to produce highly porous carbons 
with high specific surface area and specific surface prop-
erties [15, 16]. Consequently, NaOH has potential to con-
tribute to two effects in the same synthesis. First as etchant 
for the silica template removal to obtained mesoporous car-
bons and secondly in the activation of the carbons to achieve 
higher specific surface area and improved catalytic activity.

The main purpose of this study is to establish an efficient 
and mild (user-friendly) NaOH etch method, to replace the 
currently used HF method in the synthesis of Fe–OMC cata-
lysts. Furthermore, we want to verify if the NaOH, used for 
the silica etch, simultaneously can be used to activate the 

carbon and provide catalysts with improved catalytic prop-
erties. The samples used in this study, were also used in 
another study [17] investigating how the choice of carbon 
precursor influenced the formation of Fe–Nx chelates and the 
carbon matrix structure and its properties. From that study 
we chose the two best performing samples to investigate the 
influence of the etch method on the properties of the formed 
Fe–OMC catalysts.

2 � Experimental Section

Mesoporous silica (KIT-6) was prepared and used as a tem-
plate for synthesis of mesoporous carbon catalysts. Four 
catalysts were prepared combining furfurylamine (≥ 99% 
Sigma-Aldrich), furfuryl alcohol (98% Sigma-Aldrich), 
and anhydrous iron chloride (98% Sigma-Aldrich) [17]. 
The precursors were mixed together in the order shown in 
Table 1. Typically, a mixture of reactants 1 and 2 was well 
mixed for 15 min followed by the addition and mixing of 
reactant 3. The iron to furfurylamine/furfuryl alcohol molar 
ratio was about 1:180. After mixing, most of the iron chlo-
ride was dissolved but some small pieces of undissolved salt 
remained. The liquid part of the mixture, was subsequently 
impregnated in the silica template and soaked overnight, fol-
lowed by a heat treatment in air at 100 °C for 2 h. A second 
impregnation was made and followed by a heat treatment in 
air at 160 °C for 2 h. The sample was then pyrolyzed in an 
inert atmosphere at 950 °C for 2 h. Thereafter, each sample 
was divided into two parts for the two different methods of 
silica removal. For samples AmFe–HF and AmFeAl–HF, 
the silica template was removed by etching with 40% HF for 
20 h at room temperature followed by rinsing with water. For 
samples AmFe–NaOH and AmFeAl–NaOH, the silica tem-
plate was removed using 1M NaOH (50 vol% H2O/ 50 vol% 
ethanol) for 3*20 h at 80 °C followed by rinsing with water. 
Finally, for all four samples, an additional acid treatment was 
carried out with 0.5 M H2SO4 (95–98% Sigma-Aldrich) for 
6 h at 80 °C followed by another pyrolysis treatment in inert 
atmosphere at 950 °C for 2 h. Electrochemical evaluation of 
the prepared catalyst materials was done by single cell fuel 
cell measurements using a commercial PEMFC from Scrib-
ner Associates Inc. A commercial Pt/C catalyst (10 wt% Pt 
with 0.5 mg Pt/cm2 from FuelCell Inc.) was used at the 
anode side, while the discussed catalyst materials were used 

Table 1   Name of the catalysts, 
mixing order of the reactants 
and silica etch method

Catalyst Reactant 1 Reactant 2 Reactant 3 Etch method

AmFe–HF Furfurylamine FeCl3 HF
AmFe–NaOH Furfurylamine FeCl3 NaOH
AmFeAl–HF Furfurylamine FeCl3 Furfuryl alcohol HF
AmFeAl–NaOH Furfurylamine FeCl3 Furfuryl alcohol NaOH
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as cathode catalysts with a loading of 5–6 mg Fe–OMC/
cm2. The electrode area used was 2.56 cm2. A commercial 
ionomer (Nafion ® 115 membrane from Sigma) completed 
the MEA. Detailed parameters for the MEA preparation 
are given in [18]. All measurements discussed here were 
done at 80 °C. The cell was fueled by fully humidified 100% 
H2 (instrumental grade from AGA) and using synthetic air 
(instrumental grade from AGA) as a fully humidified oxi-
dant. A total back-pressure of 1.5 bar was applied at both the 
anode and cathode side of the cell. Rotating disk electrode 
(RDE) measurements were carried out using a three elec-
trode RDE setup from Gamry Instrument in 0.1M HClO4 
solution. Ag/AgClsat and a graphite rod (6 mm diameter) 
served as reference and counter electrode, respectively. 
The catalyst inks were prepared by manually grinding the 
catalyst powder followed by mixing 5 mg catalyst, 95 µL 
Nafion solution (5 wt% in lower aliphatic alcohols and water, 
Sigma-Aldrich) and 350 µL ethanol (99.5% Solveco). After 
sonication (30 min) 5 µL of the ink was deposit on a polished 
glassy carbon disk electrode (5 mm diameter, Gamry Instru-
ment) and dried in room temperature for 30 min. The ORR 
polarization curves were recorded stepwise, every 30 mV, 
with a hold time of 60 s, starting at 1 to − 0.25 V (vs. RHE) 
in oxygen saturated electrolyte. The potential was held at 
the open circuit potential for 120 s before every polariza-
tion experiment. A polarization curve was measured for each 
catalyst at four different rotation speeds (100, 400, 900 and 
1600 rpm). To achieve the Koutecky–Levich plots the Kout-
ecky–Levich equations presented below were used:

Here, iL is the diffusion limited current and iK the kinetic 
current. The coefficient used to calculate the number of 
electron transfer mechanism for each catalyst was obtained 
from the Faraday constant (F = 96,485 C/mol), the electrode 
area (A = 0.196 cm2), the bulk concentration of O2 in 0.1M 
HClO4 (C0 = 1.2 × 10−3 mol/L), the diffusion coefficient of 
O2 in 0.1M HClO4 (D0 = 1.93 × 10−5 cm2/s), and the kinetic 
viscosity in HClO4 (v = 0.00893 cm2/s).

Physical characterization was made by nitrogen phys-
isorption, X-ray photoelectron spectroscopy (XPS) and elec-
tron paramagnetic resonance (EPR) spectroscopy. Nitrogen 
physisorption measurements were done using a TriStar3000 
instrument after degassing the catalyst samples at 225 °C 
for 4 h. For XPS measurements a Quantum 2000 scanning 
ESCA microprobe from physical electronics equipment was 
used and the samples were mounted on the holders using 
double-sided conductive tapes. X-band EPR measurements 
were conducted on the catalysts as powder samples in quartz 
tubes using a Bruker Elexsys E500 EPR Spectrometer. The 

1

i
=

1

i
L

+
1

i
K

=
1

Bw1∕2
+

1

i
K

B = 0.62nFAC0D0
2∕3

v
−1∕6

modulation power was 6.345 mW and the modulation ampli-
tude 5 G. The samples were measured as-prepared and the 
sample weight in each quartz EPR-tube was 10 mg. The tem-
perature was varied between 295 and 180 K and the samples 
were exposed to either air or nitrogen atmospheres.

3 � Results and Discussion

3.1 � Establishment of a NaOH Etch Method

The main purpose of this study, is to establish an efficient 
NaOH etch method for the synthesis of Fe–OMC catalysts. 
Prior to this study, several trials to remove the silica with 
a NaOH etch method were performed on Fe–OMCs. The 
trials were performed with NaOH in aqueous solutions at 
different concentrations and resulted in either incomplete 
silica removal or complete removal of silica but with drasti-
cally reduced catalytic activity of the catalyst compared to 
using the HF method (results not included in the paper). The 
method eventually used, was NaOH dissolved in a mixture 
of water and ethanol [10, 11]. The use of ethanol is advanta-
geous because of its improved wetting of the hydrophobic 
Fe–OMC, which enhances the etching through the porous 
Fe–OMC structure. The method was shown to successfully 
remove the silica, which could be affirmed by the high sur-
face area and pore volume of the catalysts (from the nitro-
gen-sorption analysis which will be described later), and by 
absence of silica signal in the XPS-results.

To evaluate if the NaOH method is suitable for removal 
of the silica in the synthesis of Fe–OMC, it was compared 
to the HF etch method (See experimental methods for 
details). First, the catalysts were electrochemically evalu-
ated to assess if catalytically active sites were intact after 
etching. In Fig. 1, polarization curves from single cell fuel 
cell tests are presented for each catalyst. A large spread in 
the performance was obtained, where the catalysts etched 
with the NaOH etch showed improved fuel cell performance 
(Fig. 1, turquoise and purple) compared to the HF etched 
catalysts (Fig. 1, yellow and pink). The differences between 
the NaOH-etched catalysts and the HF-etched catalysts in 
the kinetic region are small (see Fig. 1, right), indicating 
that the two etch methods have a similar influence on the 
catalytically active sites and that their activities are similar. 
In the ohmic and mass transport loss regions, the perfor-
mance is higher for the catalysts treated with the NaOH etch 
compared to the HF etched catalysts. This suggests that the 
NaOH etch either increases the number of available active 
sites in the catalyst and/or improves the properties of the 
carbon matrix, e.g. its conductivity, pore structure, hydro-
philicity or mass transport.

To further investigate the observed differences between 
the catalysts, electrochemical impedance spectroscopy 
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measurements were performed on the samples in the fuel 
cell at 0.7 V and are presented in Fig. 2 (left). The semicircle 
in the middle frequency region of the impedance measure-
ments is caused by the dominating cathode activation losses 
due to the slow reaction kinetics of the oxygen reduction 
reaction (ORR). The magnitude of the circle depends on the 
charge transfer resistance and the double layer capacitance of 
the catalyst [19], but also the number of catalytically active 
sites and the activity of each site. In Fig. 2, it can be seen 
that the magnitude of the circle is reduced for the catalysts 
etched with NaOH, meaning that the charge transfer resist-
ance and the double layer capacitance are reduced in these 
catalysts.

The catalysts ORR activity was also tested with RDE 
experiments and the results are presented in Fig. 2 (right). 
The theoretical number of electrons transferred during 

the ORR for each catalyst was calculated using the Kout-
ecky–Levich plots obtained from the measurements. All 
catalysts prepared in this study follow a direct four-elec-
tron transfer mechanism indicating ORR active catalysts 
in accordance with our previous findings of the Fe–OMC 
catalysts [17, 20]. The catalysts half-wave potentials were 
0.42 V for AmFe–HF, 0.50 V for AmFeAl–HF and 0.64 V 
AmFeAl–NaOH in acidic media (0.1M HClO4), which is 
relatively close to the half-wave potentials previously found 
for Fe–OMC catalysts and also other noble metal-free cata-
lysts [21, 22].

To summarize the electrochemical analysis, the NaOH etch 
seems to enhance the carbon properties (conductivity and mass 
transport) of the catalysts. To better understand the etch meth-
od’s influence on the catalytic performance, we need to look 
for differences in chemical composition, and surface- and pore 

Fig. 1   Polarization curves (left) and zoom-in of the low current density region (right) measured in a single cell PEM fuel cell of AmFe–HF 
(pink), AmFeAl–HF (yellow), AmFe–NaOH (purple) and AmFeAl–NaOH (turquoise)

Fig. 2   Nyquist plots at 0.7 V of (left) measured in a single cell PEM fuel cell and polarization curves (right) measured with RDE of AmFe–HF 
(pink), AmFeAl–HF (yellow), AmFe–NaOH (purple) and AmFeAl–NaOH (turquoise)
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properties of the catalysts treated with the NaOH etch versus 
the HF etch.

3.2 � Influence of Etch Method on Carbon Properties

The HF etch of silica is known to proceed with a high etch 
rate and can be done at room temperature, whereas the NaOH 
etch is slower and an elevated temperature (solvent boiling) 
is needed. The NaOH etch used here consists of NaOH dis-
solved in an ethanol/water mixture. The water is necessary for 
efficient dissolution of the formed Na2SiO3, which has a low 
solubility in ethanol [23]. While ethanol improves the wetting 
of the hydrophobic carbon pores by the NaOH solution.

As described in the experimental section, excessive rinsing 
was made after both etch methods. The catalysts were first 
rinsed with water, thereafter washed with sulfuric acid and 
finally pyrolyzed. The sulfuric acid washing step is applied 
to remove any undesired and soluble iron species that are 
not bound or coordinated to the carbon-based matrix. Nei-
ther sodium or fluorine were expected to be found in the final 
catalyst after the intense washing. However, from elemental 
analysis by XPS (data not presented) it was found that small 
amounts of sodium (0.1–0.4 at.%) were still left in the catalysts 
etched with NaOH. This small sodium content could possibly 
contribute to the increased catalytic activity in the catalysts as 
will be discussed below.

3.3 � NaOH‑Etch for Activation of the Catalysts

A second purpose of this study was to assess if the NaOH, 
used for the silica removal, simultaneously can activate the 
carbon matrix and thereby improve the performance of the 
catalyst. NaOH is known to activate carbons at high tempera-
tures through reactions with the carbon described in Reac-
tions (1) and (2) [24, 25] whereby additional porosity and 
higher specific surface areas are obtained. Depending on the 
concentration of NaOH, the time of exposure, and the tem-
perature, the carbon will be activated up to a point at which it 
would eventually decompose completely. An increased sodium 
hydroxide concentration and longer exposure time would lead 
to an increased reaction between the sodium and the carbon, 
pushing the reactions to the right in Reactions (1) and (2), 
below.

(1)4NaOH + C → 4Na + CO2 + 2H2O

Information about the specific surface area, and pore 
size and volume were obtained by nitrogen sorption (See 
Table 2). The difference in nitrogen sorption data from the 
samples etched with the HF, compared to the NaOH, are 
small, although some trends can be observed in the results. 
In the catalysts etched with the NaOH the total pore volume 
and the micropore volume are slightly higher compared to 
the HF etched samples, which could be due to minor car-
bon activation (from small NaOH residues in the pyrolysis 
process), since new micropores are expected to be created 
when the NaOH reacts with the carbon in an activation pro-
cess. Furthermore, the average pore diameters are slightly 
increased, meaning that the activation process may also 
enlarge existing mesopores into larger mesopores, without 
increasing the specific surface area considerably. Additional 
information about the highly mesoordered structure of the 
Fe–OMCs are visible in the transmission electron micro-
scope images in Fig. 3.

The increased pore diameter could contribute to the 
increased catalytic performance in the mass transport limited 
region of the polarization curve since wider pores facilitate 
the flow through the catalyst particles and increase the mass 
transport of both oxygen and water in the fuel cell. By creat-
ing new micropores, the number of available active sites may 
increase assuming that some active sites are initially less 
accessible when incorporated in the carbon matrix.

The fuel cell and the nitrogen sorption results suggested 
that the two etch methods have a similar influence on the 
catalytically active sites in the catalyst and that the differ-
ence in activity likely is due to differences in properties of 
the carbon structure. To gain more insight about the active 
sites and simultaneously about the electronic structure of 
the supporting carbon matrix the catalysts were probed with 
EPR spectroscopy. With EPR, unpaired electrons, such as 
radicals and many transition metal ions can be detected. For 
the Fe–OMC catalysts, EPR can be helpful in investigat-
ing different iron species (including most Fe(III) and high 
spin Fe(II) species) and delocalized electrons in the carbon 
matrix.

In a parallel EPR study on Fe–OMC catalysts [26], we 
have observed that some EPR signals are highly influenced 
by the presence of oxygen in the surrounding atmosphere. 
This is not very surprising since the catalysts are active 

(2)6NaOH + 2C → 2Na + 2Na2CO3(s,aq) + 3H2

Table 2   Specific surface area 
(SBET), micropore volume 
(Vmicropore), pore volume (Vp), 
and average pore diameter 
(Øads) of the prepared catalysts 
calculated from the nitrogen 
physisorption curves

SBET
/m2/g

Vmicropore
/cm3/g

Vp
/cm3/g

Vmicropore
/Vp

Øads
/nm

Sample HF NaOH HF NaOH HF NaOH HF NaOH HF NaOH

AmFe–HF/NaOH 733 666 0.037 0.043 1.00 1.01 0.037 0.042 4.77 5.37
AmFeAl–HF/NaOH 1050 1070 0.060 0.070 1.19 1.33 0.051 0.052 3.98 4.23
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towards the ORR. Consequently, the catalysts studied here 
were flushed with either air or nitrogen prior to the EPR 
measurement. The samples were also subjected to two dif-
ferent temperatures (295 K and 180 K) during the EPR 
measurements since most EPR-signals have a temperature 
dependency. In Figs. 4, 5, the EPR spectra are presented 
for samples AmFeAl–HF and AmFeAl–NaOH measured 
at the two different temperatures and in air versus nitrogen 
atmosphere.

It can be observed that the EPR-signals for the samples 
etched with HF or NaOH, respectively, are significantly dif-
ferent. In both samples, we can observe a signal, denoted 
R, which intensity is increased upon cooling and vanished 
upon exposure to nitrogen. The signal is associated with 
an iron(III) species in a rhombic structure with spin state 
S = 3/2, which partly is oxidized to a paramagnetic iron(III) 
species in air and is reduced to an EPR-silent/invisible 
iron(II) species in nitrogen [26]. It is possible that the spe-
cies has a role in active sites of the catalysts, but this is not 

yet fully understood. Another signal, denoted C, is dominat-
ing the EPR spectra of the NaOH-sample (and is not at all 
as dominant in the EPR spectra of the HF-samples). The 
C signal intensity is decreased upon cooling (Fig. 4) and 
increased upon exposure to nitrogen (Fig. 5). The C signal 
is associated with delocalized electrons in the conductive 
carbon matrix. The fact that the samples exhibit so different 
C signals shows that they have significantly different carbon 
properties where the sample prepared with the NaOH-etch 
method likely has a higher conductivity as it exhibits a much 
higher intensity of the C signal. Improved conductivity for 
the samples etched with the NaOH-method could explain 
the increased catalytic activity at higher current densities 
obtained in the fuel cell tests.

To summarize, the two silica etch methods investigated 
in this study, appear to influence the carbon support in 
Fe–OMC catalysts differently. The catalysts etched with the 
NaOH method end up with a better catalytic performance (at 
higher current densities), larger pore sizes, higher micropore 

Fig. 3   TEM images of sample 
AmFeAl–HF which show the 
highly ordered mesoporous 
structure

Fig. 4   EPR spectra collected at 295 K (left) and at 180 K (right) in air of AmFeAl–NaOH (turquoise) and AmFeAl–HF (yellow), refer to Table 1 
for sample preparation details
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volumes, and possibly also an improved conductivity com-
pared to the catalysts etched with the HF method. One rea-
son for that could be a carbon activation process occurring 
in the samples etched with the NaOH method due to NaOH 
residuals remaining after the etching step. The NaOH could 
then function as an activation agent for the carbon during 
the second pyrolysis step. The possibility that there may be 
other reasons that could also contribute to the catalytic per-
formance increase cannot be entirely ruled out at this point.

4 � Conclusion

In this study, a milder etch method, based on dilute NaOH, 
was established to replace the currently used HF method in 
the synthesis of Fe–OMC catalysts. The NaOH-etch method 
was compared to the HF-etch method regarding their influ-
ence on the final catalysts in terms of electrochemical, struc-
tural and catalytic properties. The NaOH etch was found to 
successfully remove the silica template, and interestingly 
also improve the catalytic performance. The increased cata-
lytic activity was explained by improved properties of the 
carbon structure for the catalysts treated with the NaOH etch 
based on EPR data. The carbon structure was observed to 
have larger pores and possibly also increased conductivity. 
With these findings, we show that it is possible to remove 
the silica in a more user-friendly way and simultaneously 
increase the catalysts’ performance.
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