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ABSTRACT: Carbon-based nanomaterials have been widely studied as
promising electrocatalysts for energy conversion and storage. Under-
standing the oxygen evolution and reduction reactions on carbon-based
nanomaterials is of critical importance for development of highly active
metal-free electrocatalysts. Here, the adsorption of oxygenated inter-
mediates during oxygen evolution reaction (OER) on carbon nanotubes
(CNTs) was examined by ex-situ X-ray photoelectron spectroscopy and in
situ electrochemical impedance spectroscopy. The results demonstrate that
the carbon atoms on CNTs near the C=O0 functional groups are active for
OER. On the basis of this result, we further revealed the origin of the
enhanced intermediate adsorption on surface-oxidized CNTs and the
relationship between surface groups and apparent activation energy. Our
study gained new understanding of OER on oxygen-doped carbon
nanomaterials and provided an effective approach for investigating
electrocatalysis on heteroatom-doped carbon electrocatalysts.

lectrocatalysis plays a vital role in electrochemical energy electrolyte interface is vitally important to understand the
E conversion and storage, e.g., water splitting, metal—air related reactions and mechanisms. It is generally accepted that

batteries, and fuel cells.'~* Carbon nanomaterials with the formation of adsorbed intermediates determines the catalyst
multidimensional nanoarchitecture and tunable electronic and performance.z’24 Therefore, detection of reaction intermediates
surface properties have been extensively investigated.”™* Many could provide a direct way to identify catalytic active sites and
methods for nanoarchitecture engineering of carbon nanoma- reaction pathways.
terials have been developed toward oxygen evolution reaction Herein, we chose carbon nanotubes (CNTs) as a model
(OER) and oxygen reduction reaction (ORR), including system to study OER in alkaline media. The influence of
surface functionalization’™"" and heteroatom doping, such as oxygen functional groups, which was tuned by oxygen plasma
mtrogen,lz 1+ boron, 516 oxygen,”’lg or sulfur.’®?° Both oxidation and/or thermal reduction, on adsorption of reaction
incorporation of functional groups and heteroatoms in carbon intermediates was systemically investigated by ex situ X-ray
network change the electronic properties of their peripheral photoelectron spectroscopy (XPS) and in situ electrochemical
carbon atoms, which in turn affect their electrocatalytic impedance spectroscopy (EIS). For the first time, the
performance. Unfortunately, it remains difficult to understand oxygenated intermediates were experimentally identified at
OER and ORR mechanisms on carbon materials because of the CNTs surface during OER: the C=0 group was found to play
diverse functional groups, complicated dopant locations, and a crucial role in enhancing adsorption of reaction intermediates
multifarious surface states.””” In the field of electrocatalysis,
electrochemical processes generally take place at the interface Received: December 12, 2016
between electrode and electrolyte.”® Therefore, investigating Accepted: January S, 2017

the physical and chemical processes at the electrode—
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Figure 1. Physical characterizations of CNTs: (a) high-resolution TEM image of P-CNTs and (b) O-CNTs, (c) Raman spectra, (d) Fourier
transform infrared spectroscopy (FTIR) spectra, and (e) deconvolution of the XPS O 1s spectra.

on its neighboring carbon atoms, which were identified as the
active sites for OER. Our oxygen monodoped CNT catalyst
could deliver an OER current density of 10 mA/cm® at an
overpotential of 360 mV and remained stable over 24 h of
continuous operation, which is much better than other
heteroatom-doped CNTs.

The oxygen functional groups on CNTs were tuned by
oxygen plasma oxidation (O-CNTs) or thermal reduction (R-
CNTs). Figure lab shows the TEM images of CNTs before
and after O, plasma treatment. Compared to the pristine CNTs
(P-CNTs), the rough surface of O-CNTs indicated that the
outer-surface of P-CNTs was mildly etched by oxygen active
species during O, plasma treatment, creating defects on the
surface of O-CNTs. It is noteworthy that the plasma reactor
used in this work has a maximum RF power of only 18 W,
which is much weaker than the power used in conventional
CNT O,-plasma modification,” >’ leading to a mild surface
functionalization without dramatic structural damage. The
carbon nanotube was paved into an ultrathin layer to
homogeneously expose it to O, plasma (Figure S1). Figure
lc shows the Raman spectra of P-CNTs, R-CNTs, and O-
CNTs. The intensity ratio of D-band to G-band (Ip/Ig)
decreased from 1.5 to 1.45 from P-CNTs to R-CNTs. O,
plasma treatment increased Ip/I; only slightly to 1.6. These
results suggest that O, plasma oxidation or thermal reduction
exerts little influence on the bulk crystallinity of CNTs. Figure
1d displays the Fourier transform infrared spectroscopy (FTIR)
spectra. The fraction of C=0 stretching at around 1710 cm™"
gradually increases with different treatments from R-CNTs to
O-CNTs.”® The oxygen functional groups on the surface of
CNTs were further analyzed by high-resolution O 1s XPS
spectra, as displayed in Figure le. The spectrum could be
deconvoluted into three peaks, which are assigned to C—O
(C—0and C—0—C, 533.8 = 0.2 eV), C=0 (532.5 + 0.2 eV),
and physically adsorbed oxygen/carbonate species (531.3 + 0.2
eV).”” The oxygen atomic ratio for O-CNTs, P-CNTs, and R-
CNTs were determined to be 82%, 7.2%, and 2.5%,
respectively (Figure S3 and Table S1). Quantitative analysis
shows that the atomic ratio of C=0O was significantly increased
from 1.9% to 3.1 atom % while the fraction of C—O remained
almost unchanged (2.5 atom % for P-CNTs and 2.6 atom % for
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O-CNTs) before and after O, plasma treatment (Tables S1 and
$2). On the other hand, significant removal of the oxygen
functional groups was achieved by thermal reduction in Ar/H,
atmosphere; the atomic ratios of C—O and C=0 in R-CNTs
were reduced to 1.1% and 0.2 atom %, respectively, which is
much lower than those in O-CNTs. The lower content of C=
O as compared to C—O in R-CNTs is attributed to the inferior
thermal stability of C=0."" Therefore, O, plasma treatment
and/or thermal reduction can effectively tune the concentration
of C—O and C=O functional groups on the surface of CNTs,
rendering CNTs with different electronic properties, which in
turn is expected to influence their electrocatalytic activities.
To reveal the variation of surface composition during OER
and provide mechanistic information related to the adsorption
of intermediates on CNTs, ex situ XPS and in situ EIS
measurements were conducted. Figure 2a shows C 1s spectra of
O-CNTs acquired after applying different anodic potentials for
15 min. At 1.2 V versus reversible hydrogen electrode (vs
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Figure 2. Ex situ XPS and in situ EIS measurements: (a) ex situ C
1s XPS spectra of O-CNTs acquired after applying anodic
potentials for 15 min; (b) Nyquist plots of O-CNTs, P-CNTs,
and R-CNTs obtained at 1.625 V vs RHE (inset, electrical
equivalent circuit); and (c) variation in the surface coverage of
intermediates on CNTs.
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Figure 3. OER performances in 1 M KOH. (a) Linear sweep voltammetry (LSV) curves. (b) Tafel plots. (c) LSV curves for O-CNTs before
and after long-term stability test. The inset shows the chronoamperometric responses for OER at current density of 5 mAcm™ (d)
Comparison of OER current density (normalized with ECSA) at 77 = 300 mV with content of oxygen functional groups on different CNTs.

RHE) (below the thermodynamic potential for water
oxidation), the recorded current is mainly contributed from
the double-layer capacitance. Faradaic adsorption of oxygenated
intermediates starts at higher applied potentials (e.g, 1.4 V vs
RHE), while both intermediate adsorption and their conversion
into molecular oxygen take place when the applied potential is
further increased to 1.6 V vs RHE. The C 1s spectra were
deconvoluted into three peaks: C—C (284.6 eV), C—O (285.4
eV), and C=0 (286.5 eV).”¥*"** Corresponding percentages
of functional groups are summarized in Table S3. The C-O
fraction can be assigned to the original C—O group on CNTs
as well as the C-adsorbates bonding (C—OH*, C—O%*, or C—
OOH*). The peak intensity related to C—O increased from
184% at 1.2 V vs RHE to 314% at 1.4 V vs RHE,
demonstrating an accumulation of intermediates on O-CNTs
with increasing applied bias prior to the onset of OER. Further
increase in applied bias slightly reduced the C—O content,
which is likely due to the rapid consumption of intermediates
for oxygen evolution. In contrast, no obvious variation of C—O
content was noticed on R-CNTs with changing of applied
biases (Figure S4 and Table S3), indicating very weak
intermediate adsorption.

The in situ EIS analyses in the potential range from 1.35 to
1.65 V were conducted to further verify the enhanced
intermediate adsorption on the oxygen-doped CNTs (Figure
SS). Figure 2b compares experimental and simulated Nyquist
plots obtained at an applied bias of 1.625 V. The inset of Figure
2b shows the electrical equivalent circuit used to simulate the
electrode process.””* Rg refers to the equivalent series
resistance. The Cp; element models the double-layer
capacitance. R; and R, determine the overall charge-transfer
resistance (Rcp).”"*° O-CNTs shows the smallest Rcr,
indicating favorable OER kinetics. The surface intermediate
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coverage (@) can be estimated by the capacitance associated
with intermediate adsorption ,C¢,36 which is defined as the

derivative of intermediate coverage (0) with potential:***”

C4(E) = o(d0(E)/dE) (1)
where o is the charge density for a monolayer coverage
(assumed to be constant). C, was obtained from the impedance
spectroscopy and has been normalized to the electrocatalyti-
cally active surface area (Figures SSd and S6). Therefore, the
surface intermediate coverage (0) can be estimated by
integrating Cj with increasing applied potential, E* As
shown in Figure 2c, O-CNTs possess the largest surface
intermediate coverage. These results are the first time the
enhanced oxygenated intermediate adsorption on surface-
oxidized CNTs was experimentally witnessed and verified by
combining ex situ XPS observation with in situ EIS measure-
ment.

The higher intermediate coverage on O-CNTSs can originate
from either stronger intermediate adsorption per active site or
higher density of active sites. To reveal the active sites, OER
activities of O-CNTs, P-CNTs, and R-CNTs were tested on a
rotating disk electrode (RDE) in 1 and 0.1 M KOH (Figure
S7). O-CNTs exhibited the best OER activity with the smallest
onset overpotential of 290 mV and fastest elevating OER
current, as shown in Figure 3a. The overpotential required to
drive a current density of 10 mA cm™> for O-CNTs is around
360 mV, significantly lower than that for P-CNTs and R-CNTs
(450 and 530 mV) and other reported carbon-based electro-
catalysts (Table S4). Rotating ring disk electrode (RRDE)
measurements demonstrated negligible HO,™ formation and a
4-electron transfer process for OER on O-CNTs (Figure S8).
Figure 3b shows the Tafel plots measured at Il mVs ™' in 1 M
KOH. O-CNTs possess the smallest Tafel slope of 47.7
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mV dec™! compared to P-CNTs (53.3 mV dec™") and R-CNTs
(60.9 mVdec™). Long-term electrochemical stability was
tested at a current density of S mAcm™> (Figure 3c and
inset). The O-CNTs exhibited much better stability with
negligible performance degradation over 24 h of continuous
operation, while the inferior stability of R-CNTs could be
attributed to the sluggish kinetics of OER, leading to oxidation
and decomposition of carbon during the OER process. Faradaic
efficiency measurement revealed a nearly 100% efliciency
toward oxygen evolution (Figure S9).

Figure 3d displays the correlation between OER current
density (normalized with ECSA) at 77 = 300 mV and the atomic
content of oxygen functional groups. With similar surface
concentration of C—0O, O-CNTs exhibited an OER current
density much higher than that of P-CNTs. Interestingly, we
found that the OER current density showed positive correlation
with the content of C=O group for three CNT samples,
indicating that C=0 is predominantly responsible for the OER
performance. Similar dependency between OER current
density and content of C=0 group at other potentials (1.52
and 1.54 V) in the kinetics control region further supported this
conclusion (Figure S10). The influence of C=0 on OER was
further confirmed by measuring the OER current on reduced
O-CNTs (RO-CNTs), which showed significantly diminished
OER performance (Figure S11). Here it is necessary to
highlight that the enhanced electrocatalytic performance
induced by oxygen doping is not restricted to CNTs but is
general to other carbon materials, e.g., carbon fibers and carbon
black (Figure S12).

Recent DFT calculations on heteroatom-doped carbon
materials have demonstrated that the carbon atoms next to
the dopants generally serve as the active sites in electrocatalysis
due to the dopin%-induced charge redistribution in the z-
conjugated system. " In particular, an electron-withdrawing
group can accept electrons from its adjacent carbon atoms,
endowing them with p-type characteristics.'”*” Therefore, we
deduce that the main active sites for OER on oxygen-doped
carbon materials originate from the carbon atoms near the C=
O group. Highly electronegative oxygen atoms could induce
positive charges on its adjacent carbon atoms, facilitating
adsorption of key intermediates during OER. As deduced from
the Tafel slope, the OER performance on CNTs was rate-
determined at step II, that is, transition from C—OH* to C—
O* (refer to the Supporting Information for detailed
calculations). Therefore, a possible reaction pathway is
proposed in Scheme 1 to explain the effect of oxygen doping
on OER. The p-type domains of carbon atoms near the C=0
group can easily accept electrons from OH™ to form *OH (step
I). Then the adsorbed *OH reacts with another OH™ in
solution to form *O; as mentioned above, this reaction is slow,
which determines the overall rate of OER. This step can easily
occur only in the presence of a C=O group, as its strong
electron-withdrawing capability can induce positive charges on
the adsorption sites and effectively reduce the energy barrier for
the second OH™ adsorption, thus triggering the transformation
from *OH to *O (step II). Subsequently, *OOH will form
from *O on the active sites by adsorbing another OH™ (step
IIT), followed by the release of molecular oxygen (step IV).

To further estimate the kinetical energy barrier involved in
OER, the effect of temperature on OER performance was
investigated (Figures 4, S13, and S14). With increasing
temperature, both O-CNTs and R-CNTs exhibited improved
OER performance with reduced onset potential (Figure 4a,b)
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Scheme 1. Proposed OER Pathway on O-CNTs

and slight decrease in Tafel slope (Figure S13), indicating a
similar reaction mechanism on O-CNTs and R-CNTs.
Furthermore, turnover frequency (TOF) calculations (Support-
ing Information) revealed similar values for O-CNTs and R-
CNTs, indicative of the same type of active site. The reaction

activation energy was extracted from the Arrhenius plots:***’
din(i)  Euapp
d(1/T) R @)
where E,,. is the apparent activation energy, R the gas

constant, and T the absolute temperature in Kelvin.

From the Arrhenius plot as shown in Figure 4c, the E,,, of
O-CNTs was estimated to be ~31.5 kJ mol™!, much smaller
than that of R-CNTs (~52.6 k] mol "), implying different OER
thermodynamics, even though O-CNT's and R-CNT's share the
same type of active sites. The effect of temperature on OER and
distinguished E, ,,, of O-CNTs and R-CNTs are illustrated in
Figure 4d. In general, reactants require enough kinetic energy
to overcome the energy barrier to form products. Higher
temperature results in stronger kinetic energy, which can
provide more “qualified” reactants, manifesting a decrease in
OER onset potential (Figure 4a,b). The activation energy (E,)
refers to the energy difference between reactants and the
activated complex, also known as the transition state. As
discussed above, the carbon atoms near C=O are active for
OER, but because of different concentrations of C=O and
complex surface environments, carbon atoms near C=0 in O-
CNTs and R-CNTs could possess a distribution of catalytic
activities (representing the transition states with different
energy levels). O-CNTs have higher density of active sites and
thus possess higher density of state at the same energy level as
compared to R-CNTs (inset in Figure 4d). During OER, active
sites with higher catalytic activity (smaller activation energy)
will be first occupied by reactants. Therefore, at a certain
reaction temperature, it is easier for reactants to be driven
toward the transition state on a catalyst with a deeper DOS
distribution. Thus, O-CNTs has an E_, that is lower than that
of R-CNTs.

In summary, we used a combination of ex-situ XPS and in
situ EIS techniques to experimentally identify enhanced
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Figure 4. OER polarization curves of (a) O-CNTs and (b) R-CNTs acquired in 1 M KOH aqueous electrolyte with a scan rate of 1 mVs™ at 5,
20, 35, and 50 °C. (Note that the variation of pH value and reference potential caused by the increasing temperature has been normalized).
(c) Arrhenius plots acquired at an overpotential of 360 mV. (d) Energetic illustration of the OER process on CNTs. Inset (the part with light
blue background) shows the energy and density of state (DOS) related transition states of the OER process on O-CNTs and R-CNTs. E, ,,, is

the minimum activation energy; AE is the activation energy variation resulting from catalytic activity distribution of active sites. E

Ea,min

a,app =

+ AE. DOS represents the density of active sites with certain activation energy (E, ,,, + AE), and R and O refer to R-CNTs and O-CNTs,

respectively.

adsorption of water oxidation intermediates on surface oxidized
CNTs. The C=O0 functional group on CNTs was found to
play a crucial role in altering the electronic cloud around the
adjacent carbon atoms and thus facilitating the adsorption of
oxygenated intermediates. On the basis of this result, we further
revealed the origin of the enhanced intermediate adsorption on
surface oxidized CNTs and the relationship with apparent
activation energy. Our work provided a general understanding
of OER electrocatalysis on oxygen-doped carbon nanomaterials
and could open up new directions for design of superior
carbon-based electrocatalysts.
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