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Abstract

Isolated cobalt ions on nitrogen-doped carbon (Co-N-C) catalyze CO oxidation at temperatures as low as 
196 K, but the active site and mechanism for this reaction remain elusive. In this work, steady-state CO 
oxidation around 273 K over Co-N-C revealed nearly first order behavior in both CO and O2 as well as a 
negative apparent activation energy. Isotopic transient analysis of the reaction confirmed a rapid turnover 
frequency and low surface coverage of adsorbed intermediates leading to CO2 (< 10% of the Co). Results 
from kinetics experiments combined with quantum chemical calculations and molecular dynamics 
simulations are consistent with a reaction path involving weak adsorption of CO onto Co ions followed by 
a low barrier for the CO-assisted activation of weakly adsorbed O2. This proposed mechanism for dioxygen 
activation does not involve a redox cycle with the transition metal ion and may be important in other low 
temperature catalytic reactions involving O2.

Keywords

CO oxidation; N-Doped carbon; heterogenous catalysis; density functional theory; SSITKA; AIMD

2



1. Introduction
Transition metal ions (M) isolated in a nitrogen-doped carbon matrix (M-N-C) have demonstrated 

high activity for both electrocatalytic1-7 and thermocatalytic8-12 reactions with molecular oxygen. Some of 
these M-N-C materials even exhibit activity and selectivity comparable to expensive Pt-based electrodes 
in the electrochemical oxygen reduction reaction (ORR) and Pt nanoparticles in the catalytic oxidative 
dehydrogenation of alcohols.1, 2 8-10, 13 Although M-N-C catalysts facilitate both thermal and 
electrochemical reactions involving dioxygen activation, both the coordination environment around the 
isolated metal center and the mechanism for dioxygen activation remain controversial.8-10

To investigate O2 activation over M-N-C catalysts in the absence of the complicating effects of 
solvents and applied potentials, gas phase oxidation of CO by O2 has been used. Catalytic CO oxidation 
was recently investigated on Fe-N-C, Co-N-C, and materials containing both Co and Fe (Co, Fe-N-C), with 
the Co-containing samples promoting oxidation catalysis even at dry-ice acetone temperatures.14 The 
reported high conversion achieved at low temperature over Co, Fe-N-C specifically was attributed to the 
relatively weak but preferential binding of CO to Co simultaneous with O2 binding on nearby Fe.14 Strasser 
and co-workers confirmed with cryo-CO chemisorption measurements that CO indeed adsorbs on Fe and 
FeNi M-N-C type catalysts strongly while other metals such as Ni catalysts exhibit low heats of 
adsorption.15, 16 In the well-studied catalytic oxidation of CO on transition metal particles such as Pt and 
Pd, chemisorption of reactants to the metal prior to surface reaction is required to form product CO2 in a 
Langmuir-Hinshelwood type mechanism (LH).17, 18 The strong binding of CO to platinum group metals 
restricts the use of nanoparticle-based catalysts to higher temperatures for CO oxidation as competitive 
adsorption of CO at lower temperature actually inhibits catalytic turnover.18 Other potential reaction 
paths for CO oxidation are of the Eley-Rideal (ER) type (involving reaction of a gas phase species with an 
adsorbed species) and the Mars-van Krevelen-type (MvK) (involving transfer of lattice oxygen followed by 
re-oxidation of the lattice).19, 20 Very recently, results of studies with isolated Ir atoms supported on 
Mg/AhO4 are consistent with an interesting mechanism involving a spectator CO molecule binding to the 
Ir site, while the CO oxidation reaction proceeds through an ER type mechanism involving surface 
oxygen.21 Low temperature CO oxidation has also been reported to occur on Au nanoparticles supported 
on reducible oxides where CO binds weakly to Au and the reducible oxide support is involved in the 
activation of O2, which can be considered to occur through an MvK-type mechanism.22-24

Some unique formulations of Co oxides also demonstrate catalytic activity in CO oxidation at sub­
ambient temperature and the reaction is proposed to occur through an MvK mechanism.25-27 The catalytic 
cycle is hypothesized to proceed through a Co3+ / Co2+ redox cycle involving labile O2- sites from the 
support.27-29 As the Co-N-C catalysts with isolated Co2+ ions lack labile O2- sites, as well as sites containing 
multiple Co ions required to activate O2 through a standard redox process, it is unclear how CO oxidation 
might occur through a redox cycle on these materials. Given the unusual behavior of a nominally single 
site M-N-C catalyst that can activate O2 at temperatures as low as 196 K, there is a need for a molecularly 
detailed understanding of the reaction mechanism.

Here, we explore a potential mechanism of low temperature CO oxidation on Co-N-C catalysts 
using steady-state and transient kinetic experiments, quantum chemical calculations, and molecular 
dynamics simulations. Our experimental and computational results are consistent with a mechanism for 
O2 activation involving interactions with weakly adsorbed CO on the Co-N-C catalyst, emphasizing the 
important role of co-adsorbates in surface-catalyzed reactions. This proposed mechanism differs from 
previously described strong binding systems that utilize support oxygen species and redox cycles to 
catalyze reactions involving O2 activation.
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2. Methods
Synthesis of Co catalysts. The Co-N-C catalyst was synthesized via a modified method of high temperature 
pyrolysis similar to previously reported methods.8, 930 Cobalt nitrate hexahydrate (0.492 g) (Sigma-Aldrich 
Corporation) was dissolved in 10 cm3 of distilled, de-ionized (DDI) H2O and added to a solution of 1,10 
phenanthroline (0.611 g) (Sigma-Aldrich Corporation) in 15 cm3 ethanol (Sigma-Aldrich Corporation) to 
make a 1:2 molar ratio of Co: phenanthroline before stirring for 20 min at 353 K. This mixture was 
subsequently added dropwise to a 0.1 M NaOH slurry with Carbon Black Pearls 2000 (Cabot Corporation) 
at 353 K and stirred for 2 h. The slurry was then washed with 3000 cm3 of DDI H2O and vacuum filtered 
before drying overnight at 343 K. The sample with deposited Co phenanthroline complex was then 
impregnated with 80 wt % dicyandiamide relative to the complex. The solution was vigorously stirred at 
343 K and then dried overnight. The impregnated sample was subsequently ramped in ultra-high purity 
(UHP) N2 (100 cm3 min-1) (99.999 %, Praxair) at 10 K min-1 and then held at 973 K for a high temperature 
thermal treatment. To ensure removal of nanoparticles, the Co-N-C catalyst (100 mg) was then acid 
washed with a vigorously stirred 1 M HCl solution (100 cm3) at room-temperature for 12 h. The acid 
washed catalyst was then thoroughly washed and filtered before drying overnight at 343 K. To reduce the 
possibility of Cl- ions being deposited on the surface, a second thermal treatment was conducted. The 
catalyst was ramped at 10 K min-1 to 673 K and held for 2 h in flowing UHP H2 (100 cm3 min-1) (5 % H2/Ar). 
This catalyst was subsequentially used as synthesized. The nitrogen-carbon (N-C) catalyst without metal 
was synthesized via impregnation of an aqueous solution of 0.4 g dicyandiamide (Sigma-Aldrich) into 0.5 
g of Carbon Black Pearls 2000 using the same thermal treatment method described above for the metal 
loaded catalyst. The 5 wt % CoOx/SO catalyst was synthesized by incipient wetness impregnation wherein 
cobalt nitrate hexahydrate (0.5 g) was dissolved in 2.5 cm3 of DDI H2O and added dropwise to silica gel (2 
g) (Davisil 636 Silica Gel).31, 32 The catalyst was then dried overnight at room temperature before drying 
for two hours in an oven at 393 K. The catalyst was then ramped at 10 K min-1 to 673 K and thermally 
treated for 2 h in flowing air (Medical Grade, Praxair). The 10 wt % Co/CB catalyst was synthesized by 
incipient wetness impregnation of cobalt acetate (0.04 g, Aldrich) dissolved in 1 cm3 DDI H2O onto Carbon 
Black Pearls 2000 (0.2 g). The mixture was then dried at 393 K overnight. The catalyst was then thermally 
treated at 973 K for two hours after ramping at 10 K min-1 in UHP He (99.999 %, Praxair). The Co3O4 (Co 
(II, III) Oxide, Alfa Aesar) was used from the bottle and thermally treated for 5 hours at 673 K in 100 cm3 
min-1 flowing air after ramping at 10 K min-1.

Characterization of Catalysts. High-angle annular dark-field STEM imaging was performed using an 
aberration-corrected STEM JEOL NeoARM, operating at 80 kV and using a convergence semi-angle of 27 
mrad.

All inductively coupled plasma optical emission spectroscopy (ICP) analyses were completed at 
Galbraith Laboratories Inc. (2323 Sycamore Drive, Knoxville, TN 37921). The metal loadings of the Co 
catalysts were determined using ICP-OES on a PerkinElmer Optima 5300V, 8300DV, or Avio 500 ICP-OES.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI VersaProbe 
III spectrometer equipped with a Monochromatic Al k-alpha X-rays (1486.6 eV) and a hemispherical 
analyzer. A 1400 ^m sample spot size was utilized with a pass energy of 55 eV and an X-ray beam size of 
100 ^m for high resolution region scans. A dual neutralization system consisting of an internal electron 
flood gun (1 eV) and a low energy Ar ion gun was utilized during data collection. Binding energies for all 
elements were referenced to the C 1s peak at 284.8 eV.
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X-ray absorption spectroscopy (XAS) at the Co K edge was performed on beamline 8-ID at the 
National Synchrotron Light Source II at Brookhaven National Laboratory with a ring energy of 3.0 GeV and 
a beam current of 400 mA. A Co metal foil (Goodfellow Corporation) was used as a reference for the Co 
(7709 eV) K edge. Samples were prepared by dilution of catalyst in boron nitride and adjusted to provide 
an adsorption edge jump of close to unity. The spectra were collected by utilizing a temperature- 
controlled transmission cell previously described.33 A flow of H2 or CO at 10 cm3 min-1 was flowed over the 
samples that were enclosed in the Kapton window chambers. The XAS data were processed using the 
Demeter software package.34 The Co-N amplitude reduction factor was obtained from Xie et al. using Co 
phthalocyanine as a reference material at the same beamline.9

Oxidation of CO. The oxidation of CO was carried out in a stainless-steel, down flow, continuous packed 
bed reactor (Fig. S1). The catalyst was diluted with 0.25 g of SiC (Universal Photonoics, Inc., 150 mesh) for 
each reaction. Reaction conditions were: 160 cm3 min-1 total gas flow with 1 % CO (Praxair 4 % CO/He), 1 
or 13 % O2 (Praxair 20 % O2/He), 1 % Ar (Praxair UHP, 99.999 %), and balance He (Praxair UHP, 99.999 %) 
at 3 atm. The He, Ar, and H2 lines were passed through OMI-2 indicator filters while the CO and O2 gases 
were purified through silica traps in a dry ice-acetone bath. Prior to any reaction run, the catalyst was 
thermally pretreated in situ by ramping at 10 K min-1 to 673 K and held for 2 h in He before cooling to the 
reaction temperature. The reactor effluent was analyzed using a Balzers Quadrupole Mass Spectrometer. 
Signals associated with masses (m/e) 28, 29, 40, 44, and 45 amu were recorded at a voltage of 1200 V and 
dwell times of 50 ms for all masses except 44 and 45, which were measured at 100 ms.

Steady-State Isotopic Transient Kinetic Analysis. Transient kinetic experiments were conducted using the 
same reactor setup and gas flows as for the oxidation of CO (Fig. S1). The Co-N-C catalyst (0.03 g) was 
loaded with SiC diluent (0.25 g) into the packed bed reactor. A pretreatment in flowing He at 673 K was 
done before cooling to 273 K for the SSITKA experiments. A full explanation of the methodology for SSITKA 
can be found in the review by Shannon and Goodwin.35 Briefly, integration of the area between the 
normalized transient responses, F-„ of product 12CO2 or 13CO2 and Ar (to account for the gas phase holdup 
of the system) following a switch at equal temperature and pressure allows for the average residence 
time of surface intermediates leading to product, t, to be calculated according to:

T = Jo” [F12co2 - FAr] dt (1)

The t determined from the transient response of the product can also include the influence of re­
adsorption on the catalyst prior to exiting the reactor, causing the calculated t for CO2 production to be a 
convolution of the intrinsic kinetics of the CO oxidation reaction and a time delay caused by re-adsorption 
on the catalyst. Evaluation of t at various flow rates can be helpful to determine if product re-adsorption 
in the catalyst bed is affecting the measurement.35, 36 According to Fig. S2 a and b, the conversion of the 
CO oxidation reaction was strictly proportional to the inverse of the flow rate, confirming the rate of 
reaction was constant over the range of conversions and flow rates used.
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Density Functional Theory Calculations. We performed spin-polarized periodic supercell density 
functional theory (DFT) calculations with a plane wave basis set and an energy cutoff of 500 eV using the 
Vienna ab initio simulation package (VASP)37 version 5.4.4. All structures were converged to a criterion of 
10-6 eV and 0.01 eV/A for self-consistent-field (SCF) energies and atomic forces, respectively. We used a 
8.5 A x 9.8 A graphene supercell with 14 A vacuum in the z-direction with two vacancies for a total of 31 
C atoms (when the number of nitrogen atoms is zero) as well as zero to four pyridinic N atoms and a Co 
atom (corresponding to a density of 1.2 Co nm2). All structure files are provided as a supporting 
information attachment. Monkhorst-Pack k-points were used with a 4 x 4 x 1 mesh. We considered 
multiple binding modes (e.g. monodentate and bidentate O2 on Co) and spin states for each structure; all 
structure files are included as a supporting information attachment. To test the sensitivity of our results 
to the cell size and Co density in the supercell we computed CO and O2 binding energies in larger supercells 
that contained 1-2 Co atoms (Table S1) and found they were insensitive to the Co density in the supercell 
between 0.3 - 1.2 Co nm2. We report only energies and not free energies because the reaction 
intermediates are weakly adsorbed and not amenable to standard free energy approximations. To reduce 
computational cost, we neglected vibrational zero-point energy corrections, which are expected to have 
a negligible contribution to our reaction energies for this system.

Recent reports on similar structures38,39 indicate that reaction energies for these materials are 
sensitive to functional choice. Therefore, the gas phase CO oxidation reaction energy (Table S2), CO and 
O2 binding energies, and reaction mechanism calculations were performed with a variety of commonly 
used functionals (Table S3). The CO and O2 binding energies on CoN vary from -92 to -50 kJ mol-1, and - 
82 to -57 kJ mol-1, respectively, depending on the choice of DFT functional (Table S3). However, the trend 
of more endothermic binding energies with increasing N substitution is preserved across all functionals. 
We chose to report the values computed with the vdW-DF functional40 in the main text because this 
functional accounts for nonlocal electron correlation dispersion interactions (important for weak 
adsorption), reproduces the experimental enthalpy of reaction for gas phase CO oxidation as reported in 
Table S2, and the experimental CO binding energy determined by microcalorimetry14 (-58.8 kJ mol-1) on 
Co-N-C materials with isolated Co sites.14 For comparison we also report the corresponding PBE-D341 and 
vdW-DF242 reaction coordinate diagrams in Fig. S3.

Transition states were determined using climbing image nudged elastic band (CI-NEB) calculations 
per the method of Henkelman et al.,43, 44 and are reported in Fig. S4. We calculated TS1 with various spin 
states and found that although the barrier is sensitive to the choice of spin, and generally decreases with 
lower spin, the reactant energy varies only weakly with spin state. Therefore, we report the low spin 
reaction coordinate (magnetic moment = 0) for the reaction corresponding to TS1.

AIMD Simulations. For the AIMD simulations we used the PBE-D3 functional for two reasons: 1) it is much 
less computationally expensive than vdW-DF, and 2) CO and O2 binding energies are more exothermic 
with PBE-D3 than vdW-DF (Table S3), which enabled us to run the simulations at temperatures high 
enough (398 K) to frequently overcome low energy barriers without desorption of the reactants. This 
temperature is still low enough that direct dissociation of O2 over Co during the AIMD simulation would 
be prohibitive based on the 66 kJ mol-1 barrier computed with PBE.45 Figure S5 reports the free energies 
during the AIMD simulations and structural snapshots. Movies and structures for the full trajectories are 
provided as a supporting information attachment. All AIMD simulations were run in VASP version 5.4.4 at 
398 K using a Nose-Hoover thermostat with a time step of 0.5 fs.
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3. Results
Catalyst synthesis and characterization. The 1.89 wt % Co-N-C catalyst was synthesized using a modified 
high temperature pyrolysis method in N2.9 To disperse Co ions in Co-N-C and remove residual 
nanoparticles, treatment in mild acid solution followed by high temperature treatment in H2 was 
conducted. To confirm the presence of isolated Co ions on Co-N-C, we examined the sample by atomic 
resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) which 
is shown in Fig. 1. We did not observe any Co nanoparticles, indicating that washing a freshly pyrolyzed 
sample in mild acid solution was effective at removing Co nanoparticles without removing Co ions present 
in the N-C support.

Figure 1. Atomic resolution FIAADF-STEM images of Co-N-C show single atom distribution of Co atoms. 
The right panel is an inset of the boxed area in the left panel. The Co atoms in the expanded area are 
circled in yellow.

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical state of the Co and 
N in the catalyst. Spectra associated with the Co 2p3/2 and the N Is regions are shown in Figs. S6 and S7, 
respectively. The presence of a major peak at a binding energy (BE) of 780.9 eV in the Co 2p3/2 spectrum 
accompanied by a satellite peak at 785.9 eV at one-third the intensity is consistent with Co2+.9, 46, 47 
Multiple forms of N are usually observed by XPS of similar materials, including pyridinic (BE=398 eV), 
pyrrolic (BE=400 eV), and graphitic (BE=401 eV), with pyridinic being commonly associated with formation 
of the Co active site (Fig. S7).48,49 Table S4 shows that the molar ratio of pyridinic N relative to Co2+ is 
"10:1, which suggests there is sufficient pyridinic N content to form commonly proposed CoNx sites 
(x=4,5,6).6'50 The surface Co loading measured from XPS is 1.2 + 0.1 wt % which differs slightly from the 
inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of the bulk catalyst (1.89 wt 
% Co) but is consistent with a majority of the Co having a homogeneous distribution throughout the 
sample. The N:Co ratio and Co loading on the sample were similar to those reported for a sample 
previously prepared using the same synthesis method and results from characterization of that sample by
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X-ray absorption spectroscopy (summarized in Fig. 2 and Table 1) suggest the majority of the Co is bound 
to ~4 N atoms, which is consistent with earlier work.9

a) b) c)
--------Experimental

--------Experimental

Distance R (A)

--------Experimental

H, Treated

--------Experimental

Distance R (A)

--------Experimental

--------Experimental

Figure 2. Fitting of the extended X-ray absorption fine structure (EXAFS) region of the Co K edge 
for the Co-N-C catalyst, a) Contributions of the Co-N path fitted in k space for Co-N-C during Hz 
or CO flows (10 cm3 min"1). The catalyst was initially ramped in Hz to 738 K and held for 2 hours 
before cooling to 303 K. b) Fourier transforms (Experimental and Fitted) of k2-weighted Co EXAFS 
for Co-N-C under flowing Hz or CO. c) Imaginary components (Experimental and Fitted) of the 
Fourier transform of k2-weighted Co-N-C EXAFS obtained under flowing Hz or CO.

Table 1. Results of the analysis of Co EXAFS on Co-N-C during H 2 or CO flow3
Conditions Shell CN r (A) Ao2 (A2) AEo (eV)

H2 Co-N 4.9 ± 1.6 1.92 ±0.03 0.01 ±0.005 -3.2 ±3.7
CO Co-N 4.8 ± 1.8 1.93 ±0.04 0.01 ±0.01 -1.9 ±4.3

a Fitting parameters: Fourier transform range, Ak, 1.5-10 A"1; fitting range AR, 1-2 A; k2 weighting, 
S02 (Co-N) = 0.775 (obtained from Xie et al. using Co phthalocyanine as a reference material).9 
The Co-N-C catalyst was initially ramped in Hz at 10 K min 1 to 738 K and held for two hours before 
cooling to 303 K in Hz.

Oxidation of CO over Co catalysts. To determine the effect of support composition on catalytic 
performance, the oxidation of CO was evaluated over a variety of supported Co catalysts over a range of 
temperatures (273 - 453 K) at a total pressure of 3 atm. The total pressure of 3 atm was achieved by 
adding He gas to substantially lower partial pressures of CO and 02 so that pressure transients often 
observed during isotopic transient experiments could be eliminated. All reaction kinetics reported here 
were evaluated in the steady-state regime. Oxidation of CO was not observed over an N-C sample that 
was prepared in the absence of the Co precursor, which illustrates the importance of the Co component 
in the reaction. In addition to Co-N-C, various other Co-containing catalysts were investigated, including 
highly dispersed 4.78 wt % Co/Si02, nitrogen-free 2.29 wt % Co supported on carbon black (Co/CB), and 
Co oxide (Co304). Figure 3 illustrates the excellent catalytic performance of Co-N-C relative to the other 
Co catalysts at temperatures < 340 K, with the conversion of CO actually increasing with decreasing 
temperature for Co-N-C.
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Multiple groups have reported on low temperature CO oxidation catalyzed by Co oxide 
structures.28, 29, 51, 52 For example, Schuth and co-workers previously showed that CO oxidation can occur 
on uniquely shaped small Co oxide structures at temperatures as low as 196 K, while Haruta and co­
workers found that Co spinel structures were also active at temperatures ranging from 198 to 323 K.27, 28 
The interesting "U" shape of the CO conversion with temperature (Fig. 3) observed for our Co-N-C catalyst 
is reminiscent of results for some Co oxide samples reported earlier.27, 51 In previous work on Co oxide, a 
similar "U" shaped conversion plot was seen at temperatures between 273 and 373 K where activity 
dropped from 100 % conversion at 273 K to 70 % at 363 K before returning to 100 % at temperatures 
higher than 373 K.27 One possible explanation for the "U" shape conversion plot is the presence of trace 
water impurities that deactivate the catalyst at ambient temperatures while operation at low 
temperatures serves as a cold trap for water removal and operation at high temperatures minimizes the 
influence of water as an inhibitor.27, 51 Indeed, upon purification of the gases by passing through cold traps, 
the "U" shape was avoided and 100 % conversion was observed at all temperatures investigated.27 This 
inhibition contrasts with reports for some Au catalysts53-55 and FeO-Pt interfaces,56 where surface hydroxyl 
groups are known to promote the low temperature oxidation of CO. To explore the potential influence 
of water, we evaluated CO oxidation over Co-N-C in the presence and absence of co-fed water at 273 and 
303 K. Figure S8 shows cofed water (0.05 vol %) inhibited the conversion of CO, but conversion recovered 
when the water addition was stopped. The inhibition of the rate by addition of 0.05 vol % H2O suggests 
that water is not required for low temperature CO oxidation on Co-N-C.

All the gases in our study were purified (see Methods) to minimize any impacts of water on the 
steady-state rate. Contrary to the report by Schuth and co-workers,27 the "U" shape of conversion as a 
function of temperature remained in our study (Figs. 3 and 4). Moreover, Schuth and co-workers reported 
that high temperature pretreatment of a Co oxide catalyst in H2 eliminated low temperature activity (<273 
K) for CO oxidation.27 They hypothesized that reduction of Co3+ surface species to Co2+ accompanied by a 
loss of labile O2- species was responsible for the loss of low temperature activity.27 To explore the potential 
influence of reducible Co species on the rate of CO oxidation, we evaluated the effect of H2 pretreatment 
on the steady-state reaction. As summarized in Fig. 4, an in situ pretreatment of the Co-N-C catalyst at 
673 K in H2 did not significantly influence the rate or unusual "U" shape of the conversion. Evidently, easily 
reducible Co species, if present, are not responsible for the CO oxidation reaction at sub-ambient 
temperatures, which is consistent with our XPS results that indicate a majority of the Co in Co-N-C is Co2+. 
A comparison of the X-ray absorption near edge structure (XANES) of Co-N-C after high temperature 
treatment in H2 and subsequent cooling to 303 K with the XANES after CO exposure (Fig. 5) shows no 
change in the edge position, confirming that exposure of the catalyst to H2 or CO does not alter the 
oxidation state of the Co. Analysis of the extended X-ray absorption fine structure (Fig. 2 and Table 1) 
indicates exposure of Co-N-C to CO followed by a purge in inert gas did not result in a measurable change 
in the average coordination environment around Co in the sample. Evidently, the number of exposed Co 
ions in Co-N-C that strongly bind CO at 303 K was very low.
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Figure 3. Temperature dependence of steady-state CO conversion over Co catalysts. All reactions were 
run with 100 mg of catalyst diluted in SiC with 160 cm3 total flow, 1 % CO, 13 % 02, 1 % Ar, and balance 
He at 3 atm. The 02 and CO lines were purified with silica traps in a dry-ice acetone bath while the He and 
Ar lines were purified with an OMI Filter.
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Figure 4. Temperature dependence of steady-state CO conversion over Co-N-C following inert or reductive 
pretreatment. The reactions were performed sequentially, (He followed by H2 pretreatment at 673 K) 
without removing the catalyst. The reaction was run with 100 mg of Co-N-C diluted in SiC and with 160 
cm3 total flow, 1 % CO, 13 % 02, 1 % Ar, and balance He at 3 atm. The 02 and CO lines were purified with 
silica traps in a dry-ice acetone bath while the He and Ar lines were purified with an OMI Filter.
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H2 Flow 
CO Flow

Figure 5. Normalized X-ray absorption near edge structure for Co-N-C. Comparison of the normalized 
XANES for Co-N-C under H2 and CO in situ flows (10 cm3 min"1). The catalyst was initially ramped in H2 to 
738 K and held for 2 hours before cooling to 303 K. The multiple scans were averaged for each XANES.

The observed orders of reaction during CO oxidation catalyzed by Co-N-C shown in Table 2 were 
strikingly different compared to those measured over other Co containing catalysts. The nearly first order 
dependence of the rate on CO observed over Co-N-C contrasts the inhibition by CO typically observed for 
platinum group metal catalysts that bind CO strongly.57 Indeed, the positive reaction order in CO indicates 
binding to the active site is weak, which is consistent with the EXAFS results discussed above. The reaction 
orders for CO oxidation on the Co-N-C catalyst were not significantly affected by operation in the low (303 
K) or high temperature regime (443 K) (Fig. S9). An attempt at investigating the kinetics at 196 K proved 
difficult as the activity was outside of the differential regime even when lowering the partial pressures of 
reactants and amount of catalyst (Fig. S10). Apart from Co-N-C, the CO reaction order measured over all 
the Co-containing catalysts in Table 2 was close to zero. Since Co oxide catalysts are believed to catalyze 
CO oxidation via an MvK type mechanism, the rate of CO reduction of the surface is rapid relative to re- 
oxidation.27, 28,58 Interestingly, the orders of reaction in Table 2 for CO oxidation on Co-N-C are similar to 
those reported for isolated Ir atoms on MgAI204, for which an ER mechanism of CO oxidation has been 
postulated.21

The observed increase in the rate with lowering the temperature of CO oxidation over Co-N-C 
results in a negative apparent activation energy of -30 kJ mol1 in the low temperature region of Figs. 3 
and 4. While high temperature CO oxidation on Co containing catalysts has been previously investigated,45 
the unique low temperature activity regime is relatively unexplored. To further explore the origins of the 
low temperature activity of CO oxidation over Co-N-C, we performed isotopic transient analysis of the 
steady-state reaction.
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Table 2. Summary of kinetic orders for CO and O2 on various Co containing catalysts along with the 
apparent activation energy for CO oxidation

Catalyst c aEapparent

(kJ mol-1) CO
Orders of Reactionb

O2

Co-N-C
Low T regime -30 0.8 0.7
High T regime 50 0.4 0.7

Co/SiO2 36 0.0 0.2
Co/CB 50 0.0 0.6
Co3O4 38 0.1 0.4
Co3O4c 46.6 0 0.41

a) Apparent activation energy determined from Arrhenius-type plots shown in Figs. S11 and S12.
b) Kinetic orders were evaluated under steady-state differential conversion (<20 %) and were 

determined by varying the partial pressure (from 1.5 to 4.5 kPa) of CO or O2 while maintaining the 
other.

c) Reference values from Perti and Kabel57
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Steady-state isotopic transient kinetic analysis. As the number of active sites on the Co-N-C catalyst is 
unknown, a reaction rate normalized by the total Co loading may underestimate the turnover frequency 
(TOF) of the reaction. To better evaluate the TOF, we performed steady-state isotopic transient kinetic 
analysis (SSITKA) of the CO oxidation reaction, which is a kinetic method that does not require a priori 
knowledge of the active site density to normalize the observed rate. After achieving steady state during 
CO oxidation at 273 K, the reactant stream was abruptly switched to one that contains 13CO instead of 
12CO using the scheme shown in Fig. S1. More experimental details can be found in the Methods and an 
example switch between 12CO/Ar and 13CO/He during steady-state CO oxidation is shown in Fig. 6a. In 
brief, the integration of the areas under the product 12CO2 or 13CO2 subtracted from the tracer Ar signal 
gives the average residence time of surface intermediates leading to product (r). The strong influence of 
flow rate on r given in Fig. 6b for the case without a co-feed of CO2 indicates the rate is affected by 
conversion or there is a strong influence of product re-adsorption on the measured r. As illustrated in Fig. 
S2, varying the reactant flow rate changes the conversion of CO between 6 and 13 % (with no co-fed CO2), 
resulting in a reaction rate that is independent of conversion. Moreover, the conversion extrapolates to 
zero at infinite flow rate when no CO2 was co-fed. These observations are consistent with differential 
conversion of CO in the reactor and lack of any inhibition by product CO2 under the conditions explored. 
The influence of flowrate on r in Fig. 6b is therefore attributed to product re-adsorption in the catalyst 
bed. Although increasing the flowrate through the reactor bed minimizes the influence of interparticle re­
adsorption on r, the flowrate does not impact re-adsorption of CO2 within the catalyst pores. Thus, co­
feeding an excess of 12CO2 can be used to outcompete the re-adsorption of product 13CO2 formed during 
a transient experiment.35, 36 Interestingly, co-feeding a high level of CO2 actually inhibited the global 
steady-state rate (see Figs. S2 and S13), suggesting competitive adsorption on active sites, which will be 
discussed later. Extrapolating the r values to infinite flowrate in the presence of co-fed CO2 gives a value 
that is statistically close to zero (Fig. 6b), suggesting a high intrinsic turnover rate at 273 K that cannot be 
accurately quantified by this method. Nevertheless, using the result obtained at the highest measured 
flow rate and 4 % co-fed 12CO2 (circled point in Fig. 6b) an estimated lower bound on the turnover 
frequency was calculated:

TOF = 1=0.3 s-1 (2)

A material balance on the reactor was used to estimate the upper bound on the number of adsorbed 
species that convert to product at the time of the switch, using the following equation involving r and the 
steady-state rate of CO oxidation:

^cox = T Rco2 (3)

The upper bound of coverage Ncox was calculated to be 10 % of the total Co in the sample as evaluated by 
elemental analysis. Clearly, the high global rate of low temperature CO oxidation on Co-N-C is attributed 
to the high intrinsic TOF with only a small portion of the Co being covered with intermediates leading to 
product.
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Figure 6. a) Example isotopic transient response following a switch from 12CO and 13CO during CO oxidation 
on Co-N-C. The reaction was run with 30 mg of Co-N-C diluted in SiC and with 160 cm3 total flow, 1 % CO, 
1 % 02, 1 % Ar, and balance He at 3 atm. The 02 and CO lines were purified with silica traps submersed in 
a dry-ice acetone bath while the He and Ar lines were purified with an OMI Filter. The C02 line was purified 
by 3 A molecular sieves, b) Effect of flow rate on the rwith various co-feed partial pressures of 12C02. The 
purple circled point was used to calculate lower bound of TOF and upper bound of NCox- In b), the data 
points and error bars represent the average and standard deviation based on analysis of 3 to 6 transient 
response curves over a single catalyst.

Density functional theory screening of potential active sites and mechanism. The kinetic data in Table 2 
and the SSITKA results suggest that both CO and 02 bind weakly to the active site. Figure 7 shows the vdW- 
DF functional computed CO and 02 binding energies for Co-N-C sites in the graphene plane with zero to 
four N coordinated to the Co ion, implicated as active sites on these materials for both ORR and oxidative 
dehydrogenation reactions.4,9-59, 60 Full computational details are provided in Methods. Increasing the 
number of N coordinated to Co generally leads to a reduction in binding energy of both CO and 02. This 
result is consistent with previous reports that N substitutions for the C atoms that create pyridinic binding 
modes to a transition metal center stabilizes the d-orbitals relative to the Fermi level and thus weakens 
binding energies of adsorbates.45 Our results also indicate that the binding energy for CO and 02 on CoN4 
are significantly weaker than CO on Pt (-155 kJ mol"1), which has a negative CO order, in contrast to the 
positive CO order we observe on our Co-N-C catalyst.61 The CoN4 site is consistent with the Co2+ oxidation 
state from XPS (Fig. 56) and coordination number from EXAFS (Table 1), is very stable relative to other Co- 
N-C sites,45,49,62 and fits the criterion for weak binding of both reactants. Thus, even if other Co sites 
coordinated to less than 4 N atoms are present as minority species in our catalyst, the strong binding 
energy of CO on these sites is inconsistent with the observed positive CO order and low coverage of CO 
as a reactive intermediate inferred from SSITKA, precluding their participation in the low temperature (< 
400 K) catalytic cycle. Therefore, we next investigated the mechanism for low temperature CO oxidation 
over the CoN4 site.
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Previously calculated barriers for CO oxidation on various transition metals in N-C involve direct 
dissociation of 02 over the metal center, which incurs large activation energies (i.e., 66 kJ mol1 on CoN4), 
and should alter the oxidation state of Co upon exposure to 02.38,45 While the proposed mechanisms in 
those studies may explain the CO oxidation activity we observe at > 400 K (Fig. 3), they are incompatible 
with the activity and negative apparent activation energy observed in the low temperature kinetic regime, 
and also our prior in situ XAS results demonstrating no change in the Co oxidation state upon exposure to 
10 % 02 at 373 K.9
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Figure 7. Adsorption energies were calculated using the vdW-DF functional because it shows good 
agreement with the experimental enthalpy of reaction for gas phase CO oxidation (Table S2). The purple 
circle highlights the binding energies for the CoN4 structure that is displayed in b) side view and c) top 
down.

To explore potential configurations for simultaneous adsorption of CO and 02 we used NVT ab 
initio molecular dynamics (AIMD) starting from a supercell containing the CoN4 site, one CO, and one 02; 
AIMD details are in Methods, and trajectories and movies are provided in a supplemental attachment and 
in Fig. S5. Early in the AIMD simulation CO binds to the CoN4 site and one of the oxygen atoms in 02 
becomes weakly coordinated to CO. Surprisingly, the 0-0 bond distance then increased upon interaction 
with an adjacent C in the graphene sheet, until finally breaking, leaving behind a bent O-C-O complex 
bound through C to the Co, and one oxygen atom bound to carbon on the N-C support (O*). The O-C-O 
complex then rapidly desorbs from Co, forming a linear C02 molecule with no bonds to Co or the support. 
To complete the catalytic cycle, we ran a subsequent AIMD simulation starting from the previous 
structure, removing the desorbed C02, and adding a CO molecule to the cell. The CO binds to the Co ion 
and subsequently reacts with O* to form C02 and desorb, completing the catalytic cycle. The formation 
of C02 during both AIMD simulations, without the use of enhanced sampling techniques to bias structures 
along a prescribed reaction coordinate, suggests that these reactions occur with very low activation 
barriers.
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Due to the similar binding energies of CO and O2, we also repeated these two AIMD simulations 
starting from O2 adsorbed to the CoN site and did not observe any reactions during these simulations. 
We did not observe co-adsorption of CO and O2 to Co in any of our simulations, and geometry optimization 
of structures with both bound to Co resulted in desorption of either CO or O2 depending on the initial 
structure. To determine if O2 can bind to other surface sites in the absence of CO, we optimized structures 
with O2 initially located on either graphitic C with only C nearest neighbors, a C atom with a N nearest 
neighbor, or a N atom. Regardless of the initial guess structure, the subsequent geometry optimization 
for all three potential binding sites led to either movement of the O2 molecule to the Co site (yielding an 
analogous structure to that of O2CoN4, shown in Figure 7b, c), or desorption of the O2 molecule from the 
surface. Taken together, our results indicate that for CoN the only two viable sites for O2 adsorption are 
the Co atom or a CO molecule that is bound to Co, suggesting a possible CO oxidation mechanism over 
CoN4 sites whereby O2 dissociation is assisted by CO bound to Co and the N-C support itself.

Structures derived from the AIMD simulations were subsequently used for detailed calculations 
of the reaction coordinate. Figure 8 shows the resulting potential energy diagram, schematic 
representations, and vdW-DF computed structures. We report only energies and not free energies 
because the reaction intermediates are weakly adsorbed and not amenable to standard free energy 
approximations. Our AIMD simulation results and the similar binding energies of CO and O2 on CoN (Fig. 
7) suggest the mechanism initiates with CO adsorbed on CoN (2). This is followed by weak interaction of 
O2 with CO (3) and subsequent dissociation of O2 upon interaction with the N-C support to form an O-O- 
C=O transition state (TS1) and subsequently O* and CO2 (4). This reaction sequence is followed by 
adsorption of CO to Co (5). The reaction of Co-bound CO with O* has a barrier of only 0.2 kJ mol-1 (TS2), 
and CO2 desorbs from Co (1) to close the catalytic cycle. Throughout this reaction cascade the 16 kJ mol-1 
activation energy (TS1) is the only significant barrier.
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Figure 8. a) vdW-DF computed reaction coordinate for the complete CO oxidation mechanism over CoN4. 
b) Schematic of the complete catalytic cycle, c) Molecular structures corresponding to the reaction 
coordinate. Changes in the Co oxidation state were calculated using a normalized Bader charge analysis 
(Fig. S14).

Bader charge analysis (Fig. 8a and Fig. S14) confirmed that the Co remained in a ~2+ oxidation 
state throughout the entire reaction mechanism. The lack of change in oxidation state indicates that Co 
does not undergo redox during the mechanism and is consistent with the lack of influence of gaseous 
environment on the Co K-edge XANES (CO or Fl2 exposure in Fig. 5 and 02 or Fl2 exposure in reference 9).9 
The weak binding of CO and 02 on the CoN4 site is consistent with the positive experimental reaction 
orders and SSITKA results, and the low activation barrier for the rate determining step suggests that this 
reaction mechanism is plausible for CO oxidation in the low temperature (< 400 K) kinetic regime.

4. Discussion.
The proposed reaction path is energetically downhill at every step and the elementary step involving 02 
activation (through transition state TS1) has a low barrier of 16 kJ mol1 (Fig. S4 a). To explain the observed 
reaction kinetics (observed reaction orders and apparent negative activation energy), we need to account 
for the weak binding of reactants. The rate of the reaction step involving dioxygen activation (through TS- 
1) should be proportional to the overall reaction rate as the sequential oxidation of CO with the second 
oxygen atom is nearly barrierless (see results for TS-2 in Fig. S4 b). Thus, we can write an expression for 
the observed rate as:

Rate = k[CO — 02]ads (4)
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where [CO-Ozjads represents the surface concentration of the surface complex that is formed by 
adsorption of CO on Co followed by very weak adsorption of O2 next to CO to give the structure depicted 
as 3 in Fig. 8. Although the results in Fig. 7 suggest that CO and O2 will compete for binding on the Co site 
and subsequent MD simulations indicate only the adsorbed CO will lead to reaction, the low coverages 
suggest that a first order model could be assumed. Thus, a standard Langmuir isotherm for competitive 
adsorption can be utilized to calculate the fractional coverage of CO on the hypothetical lattice of non­
interacting Co sites (0co) in the limit of low coverage of both CO and O2:

^co =
kCq\co]

(1 +Kco[CO]+Ko2[02]) = Kco\CO] (5)

where the K values represent the adsorption equilibrium constants of CO and O2 on bare Co ions.
Likewise, the very weak adsorption of O2 adjacent to the adsorbed CO is approximated by the 

linear portion of an adsorption isotherm, i.e. the adsorbed amount is proportional to the adsorption 
equilibrium constant of O2 next to CO (Ko2') and the partial pressure of O2. The observed rate is therefore 
approximated as:

r K k KcoKq2\CO]\02] (6)

which compares well the experimentally measured orders of reaction near unity for both CO and O2. Using 
the expression in (6), the apparent activation energy (Eapparent) of the CO oxidation reaction can be 
evaluated from the barrier to form TS1 (Ea) and the heats of adsorption of CO adsorbed on Co and O2 

adsorbed adjacent to CO according to:

^apparent = + AHCo + AHCo-o2 = —41 kj mol 1 (7)

Substituting the calculated barrier of O2 activation through TS1 (16 kJ mol-1) and the binding energies from 
the DFT calculations (-57 for CO on Co, and ~ 0 kJ mol-1 for O2 adjacent to adsorbed CO) into (7), we 
estimate Eapparent = -41 kJ mol-1, which is within reasonable agreement with the experimental value of -30 
kJ mol-1 and is consistent with our proposed mechanism for low temperature CO oxidation.

Whereas we focused primarily on the low temperature mechanism of CO oxidation, the reaction 
at elevated temperature may proceed through a high barrier path that was previously reported by 
Mavrikakis and co-workers.45 Their mechanism involves dissociation of O2 on the subsequently oxidized 
Co site prior to reacting with CO to form two CO2 molecules. In addition, a small number of undetected 
Co oxide particles may also be present on the surface of Co-N-C, which could catalyze CO oxidation at 
elevated temperatures via the MvK mechanism known to occur with Co oxide. 27, 28, 63-66

We realize that a simplified kinetic analysis has been applied to the low temperature regime, but 
the model accounts for the key features of the reaction, namely the nearly first order behavior in both CO 
and O2 and a negative apparent activation energy. In this model, lower temperatures increase the number 
of adsorbed species on the surface without compromising the fast rate of O2 activation. In other words, 
the implication of a very low barrier for O2 activation is that the observed rate is dictated primarily by the 
number of adsorbed intermediates that lead to product. Furthermore, the proposed mechanism for low 
temperature CO oxidation over Co-N-C catalysts involves the CO-assisted activation of O2 through a O-O- 
C=O transition state that is similar to that proposed previously for the reaction occurring on CO-saturated 
Pt clusters at much higher temperatures. Under reaction conditions that saturate a Pt surface with CO,
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the unavailability of adjacent surface vacancies on the Pt prevents dissociative chemisorption of O2 on the 
catalyst.67 The reaction under those conditions is therefore proposed to proceed through a CO-assisted 
O2 dissociation step involving the decomposition of an O-O-C=O surface intermediate to give CO2 and a 
surface oxygen atom, which rapidly reacts with adsorbed CO to form another CO2.67 The barriers to form 
and react the proposed intermediate are quite low, consistent with the results reported here. The 
mechanism presented in our study is also comparable to that proposed for CO oxidation on Au stepped 
surfaces whereby O2 weakly binds to Au in the presence of adsorbed CO to form an O2-CO surface 
intermediate that can subsequently decomposes to form CO2.68 To the best of our knowledge, these types 
of reactive intermediates have not been proposed previously for the low temperature oxidation of CO 
over Co-N-C type materials.

We attribute the low coverage of reactive intermediates leading to product, as revealed by 
SSITKA, to the weak binding energy of reactants to the isolated Co ions and relatively low partial pressures 
used in the study. Although there may be multiple motifs for Co to reside on Co-N-C, the CoN motif that 
is often proposed to be the majority species in M-N-C catalysts is entirely consistent with all of the 
observations reported in this work. Thus, we do not need to invoke the presence of a trace species of Co 
to account for the observations.

We realize the above model does not include any potential inhibition by CO2. As shown in Fig. S2, 
inhibition by CO2 is not observed when the conversion of CO is differential and CO2 is not co-fed. When 
the concentration of CO2 was co-fed at orders of magnitude higher levels, there was an inhibitory effect 
on the rate as summarized in Fig. S13. This observation is entirely consistent with the model discussed 
above as high pressures of CO2 are expected to eventually compete for Co sites. In other words, the 
expression for 0co in Equation 5 can be easily modified to include competitive adsorption of CO2 on the 
Co sites. In addition, the presence of high levels of CO2 could inhibit the weak interaction of O2 with CO 
during the formation of the O-O-C=O surface complex.

5. Conclusions.
Our results suggest that isolated Co ions doped into nitrogen-carbon can utilize reductant 

molecules to activate O2 via the surrounding carbon support at low temperatures. Further, both our 
calculations and experiments suggest Co maintains a 2+ oxidation state upon exposure to the reaction gas 
mixture or individual components of it, completing the catalytic reaction without undergoing a redox cycle 
between Co2+ and Co3+. Since the metal ion is not required to undergo a redox cycle to facilitate the 
reaction, we anticipate that further studies on other metal ions in N-C could yield similar results.
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