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ABSTRACT: Nanostructured carbon materials doped
with a variety of heteroatoms have shown promising
electrocatalytic activity in the oxygen reduction reaction
(ORR). However, understanding of the working principles
that underpin the superior ORR activity observed with
doped nanocarbons is still limited to predictions based on
theoretical calculations. Herein, we demonstrate, for the
first time, that the enhanced ORR activity in doped
nanocarbons can be correlated with the variation in their
nanoscale work function. A series of doped ordered
mesoporous carbons (OMCs) were prepared using N, S,
and O as dopants; the triple-doped, N,S,0-OMC displayed
superior ORR activity and four-electron selectivity
compared to the dual-doped (N,0-OMC and S,0-
OMC) and the monodoped (O-OMC) OMCs. Signifi-
cantly, the work functions of these heteroatom-doped
OMCs, measured by Kelvin probe force microscopy,
display a strong correlation with the activity and reaction
kinetics for the ORR. This unprecedented experimental
insight can be used to provide an explanation for the
enhanced ORR activity of heteroatom-doped carbon
materials.

he oxygen reduction reaction (ORR) is a key process in

clean energy technologies, such as polymer electrolyte fuel
cells (PEFCs)" and metal—air batteries.” The state of the art
electrocatalysts used in the ORR predominantly rely on
platinum-based catalysts to overcome the sluggish reaction
kinetics of the ORR.®> However, the high cost and scarcity of
platinum, as well as its susceptibility to poisoning and declining
activity with use, are major drawbacks for the extensive
deployment of these energy conversion devices. Therefore, a
great deal of research has been devoted to developing
nonprecious metal-based* or metal-free® catalysts as potential
replacements for the Pt-based catalysts. In particular, since Dai et
al. reported a very high ORR activity for nitrogen-doped carbon
nanotubes (CNTs),** metal-free ORR catalysts based on
heteroatom-doped carbon nanostructures have seen remarkable
progress during the past few years. Recent studies have
demonstrated that the doping of heteroatoms into nano-
structured carbons can give rise to an enhanced performance
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in the ORR in terms of both activity and reaction kinetics, when
compared with their undoped analogues.®” In addition, multiple-
dopants-incorporated nanocarbons showed further improve-
ment in the ORR performances.® In efforts to elucidate the
promotion effects of dopants in the ORR, it was suggested that
changes in the charge and spin densities of the carbon lattice are
major factors for the enhanced performance observed with
doped nanocarbons;®>®7¥¢¢806eE9 o vever, these suggestions
are based entirely on theoretical calculations. Experimental
studies that can systemically correlate the impact of heteroatom
doping in nanocarbons with enhanced ORR activity are rare.

Herein, we report direct experimental evidence that the
nanoscale work function of doped nanocarbons, measured by
Kelvin probe force microscopy (KPFM), is strongly correlated
with the ORR activity and reaction kinetics of doped nanocarbon
catalysts. We prepared a set of catalysts based on ordered
mesoporous carbons (OMCs), which were selectively doped
with N, S, and O. The triple-doped N,S,0-OMC exhibited
superior catalytic activity and reaction kinetics in the ORR in an
alkaline medium, when compared with the dual-doped (N,O-
OMC and S,0-OMC) and the monodoped (O-OMC) OMC
catalysts. Using surface-sensitive KPFM measurements, we
demonstrate that the reactivity trend of the OMCs in the ORR
can be intrinsically correlated with the work functions of the
respective catalysts. Therefore, if the local work function of the
OMC:s can be lowered in the presence of dopants, it is possible to
boost the ORR, suggesting new evidence of enhanced ORR
activity associated with heteroatom doping.

Heteroatom-doped OMCs with hexagonal mesostructures
were prepared via a nanocasting method using SBA-15
mesoporous silica as a template and N-, S-, and O-containing
carbon sources as precursors (see the Supporting Information for
details). Glucosamine, p-toluenesulfonic acid, and sucrose were
used as sources of carbon as well as dopants. For the preparation
of the triple-doped N,S,0-OMC, a mixture of glucosamine and p-
toluenesulfonic acid was infiltrated into the SBA-15 template and
carbonized at 900 °C under an inert atmosphere, followed by the
removal of the SBA-15 template using HF. The dual-doped
OMCs, N,0-OMC and S,0-OMC, were prepared from a
mixture of glucosamine and sucrose and p-toluenesulfonic acid
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and sucrose, respectively. Monodoped O-OMC was produced
from sucrose under similar conditions. It should be noted that
while earlier literature generally neglected the role of oxygen as a
dopant, there is currently an increasing notion that oygygfn can
modify the catalytic activity of nanocarbons.**°®”¢ For
comparison, the nearly dopant-free OMC was prepared using a
mesophase pitch.

Scanning and transmission electron microscope (SEM and
TEM, respectively) images revealed that the silica template, SBA-
15 was successfully replicated onto the doped OMCs while
preserving its morphology (Figures 1a,b and S1—S3). The well-

(@) (b)

294 292 290 288 286 284 282
Binding Energy (eV)

Figure 1. Characterization of the N,S,0-OMC. (a) SEM and (b) TEM
images taken parallel to the pore direction. (c) HAADF-STEM image
overlapped with the corresponding C, N, S, and O elemental mappings.
(d) XPS C 1s spectrum.

resolved small-angle XRD peaks of the doped OMCs (Figure S4)
indicated a CMK 3-type two-dimensional, hexagonally ordered
mesostructure.'® Nitrogen physisorption analysis revealed that
the N,S,0-OMC has a uniform mesopore centered at ~9.6 nm
with a high Brunauer—Emmett—Teller (BET) surface area (1060
cm® g ') and total pore volume of 1.85 cm® g~". The other doped
OMC:s also showed high BET surface areas and pore volumes,
similar to those found with the N,S,0-OMC (Figure SS and
Table S1). The presence of dopants in the N,S,0-OMC was
confirmed by using high angle annular dark-field scanning TEM
(HAADF STEM) image coupled with the elemental mapping
image of the respective elements (Figures l1c and S6). The
incorporation of dopants in the other OMC samples was also
confirmed by elemental mapping images (Figure $7—S9). X-ray
photoelectron spectroscopy (XPS) was used to further
investigate the chemical nature of the heteroatoms in the
N,S,0-OMC as well as other doped OMCs (Figures 1d and
$10—S13). The high-resolution XPS C 1s spectrum of the
N,S,0-OMC (Figure 1d) was highly asymmetric because of the
presence of C—C and C=C bonds as well as heteroatom-
containing bonding moieties. The deconvolution of the C 1s
peak includes the C—S—C (284.1 eV), C—C/C=C (284.8 eV),
C—0 (285.6 eV), and C—N—C (286.8 eV) bonding moieties,
which indicates that the N, S, and O dopants were successfully
incorporated into the carbon framework of the N,S,0-OMC
(Figure 1d).* The O-OMC (Figure S11), N,0-OMC (Figure
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$12), and S,0-OMC (Figure S13) catalysts also showed similar
XPS spectra to those of the N,S,0-OMC. The nearly dopant-free
OMC (Figure S14) contained oxygen, but its O-content was very
low, when compared with that found in the O-OMC. The details
of the chemical composition of the doped and undoped OMCs
are summarized in Table S2. Overall, a series of five OMCs with
similar textural properties bearing different types of dopant have
been prepared and can be used as model catalysts for the
systematic investigation of the dopant effects in the ORR.

To investigate the electrocatalytic activity of the heteroatom-
doped OMCs in the ORR, linear sweep voltammetry (LSV)
experiments were performed on a rotating ring disk electrode
(RRDE) using an O,-saturated solution of 0.1 M KOH, at a scan
rate of S mV s~ and a rotating speed of 1600 rpm (Figure 2a,
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Figure 2. (a) LSV curves of the doped OMCs for the ORR. (b)
Electron-transfer numbers of the doped OMCs at 0.6 V (vs RHE)
during the ORR.

S15—16, and Table S3). As a benchmark, the LSV curve of a Pt/
C catalyst was displayed with those of the doped OMC:s in Figure
S17. Among the investigated samples, the OMC displayed the
lowest ORR activity in terms of on-set and half-wave potentials.
The monodoped O-OMC showed enhanced ORR activity, when
compared to the OMC, indicating the beneficial effect of oxygen
atoms in the ORR. The dual doping of N and O in N,0-OMC
resulted in higher ORR activity when compared to the O-OMC.
However, the sulfur and oxygen dual-doped S,0-OMC exhibited
a lower ORR activity than that found with O-OMC. It is known
that electronegative N atoms (3.04) break the charge neutrality
of C atoms (2.55) atoms in the sp’ carbon lattice, providing
adsorption sites for oxygen moelcules.”® On the other hand,
sulfur atoms (2.58) have an electronegativity similar to that of
carbon atoms (2.55) and the effect of sulfur doping on the ORR
is still controversial.>*”® Similar to our results, Qiao et al
reported that S-doped graphene has a higher adsorption free
energy of the ORR intermediate (OOH) compared to that of O-
doped graphene, resulting in lower ORR activity.”® Finally, triple-
doped N,S,0-OMC exhibited a further enhancement in ORR
activity when compared to N,O-OMC, which makes the N,S,0-
OMC the most active catalyst among the doped OMC:s prepared
in this study. The most active N,S,0-OMC showed an on-set
potential at O 85V, and its kinetic current density at 0.75 V was
3.8 mA cm™% The enhanced ORR activity of the N,S,0-OMC
catalyst is consistent with those previously reported. Sedg

To gain further insight into the role of heteroatom doping in
carbon, we investigated the reaction kinetics using the RRDE
method. The H,O, yields (Figure S18) were calculated by
measuring the ring current, from which the number of electrons
(n) transferred during the ORR could be obtained (Figure 2b
and Table S3). The O-OMC had an n value of 2.5 at 0.6 V,
suggesting that its oxygen reduction proceeds via a quasi-two-
electron process. Note that the participation of a surface quinone
group of oxygen functionalized carbon during the reduction of
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O, often leads to the peroxide pathway.*® On the other hand, N
or S doping to nanostructured carbon was found to convert the
ORR activity from a two- to a four-electron reduction
pathway.®®” In addition, the enhanced four-electron selectivity
was also observed in the dual-doped OMC catalysts. The n values
for the dual-doped N,0-OMC and S,0-OMC were 3.2 and 2.7,
respectively. Triple-doped N,S,0-OMC displayed an increased n
value of 3.5, which indicates that the ORR over the N,S,0-OMC
proceeds via a quasi-four-electron pathway. This result suggests
that triple doping with N, S, and O in the OMC has a synergistic
impact on the ORR activity and selectivity, giving rise to
enhanced performance when compared to the dual- and
monodoped OMCs.

The experimental results presented in this work as well as in
previously reported studies®® clearly suggest that heteroatom
doping in carbon lattices can provide enhanced ORR activity and
reaction kinetics. Dai et al. substantiated this phenomenon by
density functional theory (DFT) calculations; they showed that
the high electron affinity of N in N-doped carbon nanotubes can
induce a positive charge density on an adjacent C atom, which
can facilitate oxygen adsorption and subsequently weaken the
bonding in the oxygen molecule.”® For the dual-doped system,
Qiao et al. suggested using DFT calculations that N and S dual-
doped graphene induces an upshift of its maximum spin density,
which results in a significantly enhanced ORR activity.* Luo et
al. showed the enhanced ORR activity of N-doped graphene was
associated with the reduced work function due to an increase in
the density of 7 states near the Fermi level using ultraviolet
photoemission spectroscopy.11

In our study, the local work function of doped OMC was
characterized using KPFM to understand the correlation
between ORR activity and the variation in work function and
to address the role of the dopants in the enhancement of the
ORR activity. KPFM is a derivative imaging mode of scanning
probe microscopy and is a versatile technique that can directly
monitor the changes in local work function of solid surfaces with
an energy resolution of at ~10 mV, together with the
corresponding topography. Because KPFM measures the voltage
required to nullify the work function difference between the
conductive tip and the sample ((/)tip - qosample) , the contrast in the
contact potential difference (CPD) image is equivalent to the
local work function variation of the sample.'> KPFM has been
widely used to investigate the influence of dopants or atomic
scale defects on the variation of work function.?

KPFM measurements on the OMC surfaces were carried out
using an Agilent 5500 atomic force microscope (AFM) with a
conductive noncontact cantilever coated with Pt/Ir and a
nominal resonance frequency of 75 kHz. For the CPD
measurement, samples were prepared by transferring the
OMCs onto a gold-coated silicon wafer using a drop-casting
method. Because the OMC partially covers the gold substrate,
the measured CPD value on gold substrates can be used as the
reference value. Therefore, the work function of various doped
OMCs can be determined at a nanometer scale without any
ambiguity. SEM was used to monitor the overall distributions of
the OMCs as shown in Figure S19.

Figure 3ab shows the topographical and CPD images
simultaneously taken on the O-OMC, respectively. Figure 3¢
shows the line profiles acquired along the white dashed lines of
the O-OMC sample. The height of the O-OMC was typically
100—200 nm. The dark contrast observed in the CPD image
indicates a high sample work function, therefore the ¢ of the O-
OMC is higher than that of the gold plate by ~50 mV (Figure
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Figure 3. (a,d) Topography and (b,e) CPD images for the O-OMC
(top) and the N,S,0-OMC (bottom). The scale bar at the bottom left of
the figures is 400 nm. For both samples, the height and CPD profiles
along the white dashed lines are drawn in (c) and (f) as the black and the
red lines, respectively.

3c). Considering that ¢, and @0, are reported as 4.9—5"* and
~5 eV,'* respectively, the measured value of the work function
on the OMC is consistent with those previously reported.
However, the CPD images of N,S,0-OMC clearly show a
different contrast, as shown in the topographical (Figure 3d) and
CPD images (Figure 3e). Figure 3f shows the line profile of the
topographical and CPD images acquired along the white dashed
lines for the N,S,0-OMC sample. As shown in Figure 3e,f, the
triple-doped N,S,0-OMC displays a bright contrast indicating a
lower work function than observed with @, of ~70 mV.

To increase the reproducibility and ascertain the correlation
with the ORR activity tests, CPD measurements were carried out
on the multiple OMC particles placed at various locations
(Figure 4a). The error bar in Figure 4a represents the standard
deviation associated with the multiple measurements on five
different samples, and the insets show representative CPD maps
for each sample (Figure S20 shows the corresponding top-
ography images). Figure 4a shows a plot of the CPD measured on
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Figure 4. (a) CPD variation depending on the OMC dopants (insets:
representative CPD images for each specimen using a common CPD
scale; scale bar is 200 nm). (b) Energy diagram of the tip—sample system
where oxygen reduction can be activated when an electron overcomes
the potential barrier of the work function. E,,. implies the vacuum level.
For each sample, the colors for the work function notation in (b) match
those in (a). (c,d) Correlation of ORR activity (c) and four-electron
selectivity (d) of the doped OMCs with their work function values.
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OMC, O-OMC, S,0-OMC, N,0-OMC, and N,S,0-OMC,
which clearly reveals a systematic variation of CPD values (and
therefore their work functions) depending on the type of dopants
used. The CPD images of the samples (Figure 4a, inset) exhibit
gradual changes from the darkest contrast found in the OMC to
the brightest contrast found in the N,S,0-OMC, in accordance
with changes in the CPD values. This systematic change in work
functions of the samples is depicted in the energy diagram of the
tip—sample systems shown in Figure 4b.

The work functions of the doped OMCs were correlated with
their kinetic current densities at 0.75 V (Figure 4c) and with their
electron-transfer numbers (1) during the ORR (Figure 4d).
Figure 4c,d indicates that these kinetic parameters are inversely
proportional to the work functions of each sample. In particular,
the n values of the doped OMCs have a strong linear relationship
with their work function. This indicates that a sample with a
lower work function (ie., higher CPD value) has a lower
energetic barrier for donating electrons from the surface of the
catalyst to the adsorbed oxygen, thereby facilitating the
formation of the OOH species, which is known to be the rate-
determining step in the ORR.”® We also measured the ORR
activity of the doped OMCs in an acidic medium (0.1 M HCIO,)
and correlated the ORR reactivity with the work function values
(Figure S21). We found that the LSV curves of the doped OMCs
in acid showed the same trend as those in alkaline solutions. In
addition, the correlation between the ORR activity and kinetics
of the doped OMC:s in acid with their work functions exhibited
the same trends as those measured in alkaline solutions,
confirming that the work function of a carbon-based catalyst
can be used as an effective parameter for predicting the ORR
activity.

In conclusion, we prepared a series of heteroatom-doped
OMC:s as metal-free electrocatalysts for a systematic study into
the dopant effects in the ORR. The triple-doped N,S,0-OMC
catalyst displayed the best ORR activity and four-electron
selectivity, when compared to the dual-doped (N,O- and S,0-
OMC) and monodoped (O-OMC) OMC catalysts. KPFM was
used to investigate the doped OMCs, and their work function
was found to be dependent on the type of dopant used.
Significantly, we established that the nanoscale work function of
the doped OMCs, measured by KPFM, could be correlated with
their ORR activity and reaction kinetics. We envisage from this
unprecedented insight that the work function of the doped
nanocarbons can be generally used as an activity descriptor for
the ORR as well as other catalytic reactions. In addition, this
study may provide the design principle for the development of
advanced electrocatalysts for other important reactions.
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