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Abstract 

 

Heterogeneous catalysis performs on specific sites of a catalyst surface even if 
specific sites of many catalysts during catalysis could not be identified readily. 
Design of a catalyst by managing catalytic sites on an atomic scale is 
significant for tuning catalytic performance and offering high activity and 
selectivity at a relatively low temperature. Here, we report a synergy effect of 
two sets of single-atom sites (Ni1 and Ru1) anchored on the surface of a 
CeO2 nanorod, Ce0.95Ni0.025Ru0.025O2. The surface of this catalyst, 
Ce0.95Ni0.025Ru0.025O2, consists of two sets of single-atom sites which are highly 
active for reforming CH4 using CO2 with a turnover rate of producing 73.6 
H2 molecules on each site per second at 560 °C. Selectivity for producing H2 at 
this temperature is 98.5%. The single-atom sites Ni1 and Ru1 anchored on the 
CeO2 surface of Ce0.95Ni0.025Ru0.025O2 remain singly dispersed and in a cationic 
state during catalysis up to 600 °C. The two sets of single-atom sites play a 
synergistic role, evidenced by lower apparent activation barrier and higher 
turnover rate for production of H2 and CO on Ce0.95Ni0.025Ru0.025O2 in contrast to 



Ce0.95Ni0.05O2 with only Ni1 single-atom sites and Ce0.95Ru0.05O2 with only 
Ru1 single-atom sites. Computational studies suggest a molecular mechanism 
for the observed synergy effects, which originate at (1) the different roles of 
Ni1 and Ru1 sites in terms of activations of CH4 to form CO on a Ni1 site and 
dissociation of CO2 to CO on a Ru1 site, respectively and (2) the sequential role 
in terms of first forming H atoms through activation of CH4 on a Ni1 site 
and then coupling of H atoms to form H2 on a Ru1 site. These synergistic effects 
of the two sets of single-atom sites on the same surface demonstrated a new 
method for designing a catalyst with high activity and selectivity at a relatively 
low temperature. 

 

 

1. Introduction 
 

Methane, the major component of natural gas and shale gas, has attracted 
much attention in the production of chemical intermediates for making liquid 
fuels and high value chemicals.(1−6) Due to the increase of annual global 
production of shale gas, chemical industries have started to progressively 
switch their raw materials from crude oil to shale gas components. Reforming 
of methane with CO2 or H2O has been one of the most important processes 
since it produces syngas, one of the most important intermediates for 
producing liquid fuels and synthesizing high-value chemicals through 
established industrial processes.(1,5−7) 
The current industrial process of reforming methane on supported Ni metal 
nanoparticle catalysts undergoes at a temperature higher than 
800 °C.(8−10) Unfortunately, it faces two challenges. First, the catalyst is 
readily deactivated due to sintering of these supported metallic Ni 
nanoparticles at high temperature in an environment of reducing gases (CO + 
H2).(11) The sintering significantly decreases dispersion of Ni atoms of a 
supported Ni catalyst; therefore, the number of exposed Ni atoms of the 
catalyst decreases dramatically. Second, a side reaction of methane pyrolysis 
is readily performed on the surface of metallic Ni nanoparticles.(12,13) Due to 
the very high binding energy of C atoms of CHn (n = 0–3) species on Ni atoms 
of metallic Ni nanoparticles, metallic Ni nanoparticles are very active for 
breaking the C–H bond of methane. The rapid catalytic pyrolysis produces 
layers of carbon atoms on the surface of a Ni catalyst, which is known as 
coke.(14,15) The formation of coke completely blocks methane from 
accessing Ni atoms of the catalyst, making the catalyst completely poisoned. 
In addition, the quite high catalytic temperature of supported Ni nanoparticles 
(800 °C or higher) requires a significant amount of energy. Facing these 
challenges, it would be ideal if methane reforming could be done at a relative 
low temperature without coke formation; for this purpose, significant efforts 
have been made by the groups of Rodriguez and others.(16−18) 
To avoid the formation of coke on the surface of Ni catalysts, we proposed to 
design a catalyst which can activate CHn (n = 0–3) and their intermediates. 



Based on our recent studies that showed that binding energy of a methane 
molecule on a metal atom at a cationic state is typically lower than that on a 
metal atom at a metallic state,(19−23) here we propose to anchor Ni atoms of 
a cationic state instead of Ni atoms of a metallic state to activate methane or 
CO2 molecules, avoiding strong binding to CHn (n = 0–3) species. In addition, 
to spatially limit any potential coupling between carbon atoms or CHn (n = 0–3) 
species adsorbed on continuously packed Ni atoms to form precursor of a 
coke layer, Ni atoms are spatially anchored on the surface in the format of 
single-atom sites as shown with bright blue diamonds (Ni atoms) in Figure 1. 

 

 

Figure 1. Schematic of a catalyst surface consists of two sets of single-atom 
sites including single-atom Mα sites (green diamonds) and single-atom Mβ sites 
(blue balls) anchored on the surface lattice of support (black mesh). This 
schematic represents the surface structure of Ce0.95Ni0.025Ru0.025O2 on which 
Ni1 and Ru1 cations are single-atom sites; CeO2 is the support; both Ni1 and 
Ru1 are singly dispersed on CeO2. 

Ru is active in activating CO2 by dissociation of C–O of CO2 to 
CO(1,8,9,18,20,24−26) Thus, it is chosen as the guest metal atom to activate 
CO2. The surface of CeO2 has a high density of oxygen vacancies.(17,27,28) It 
is expected that oxygen vacancies of the CeO2 surface could participate into 
the activation of CO2. In addition, the high affinity of surface lattice oxygen 
atoms to metal atoms could stabilize these guest cations and keep them 
singly dispersed. Thus, CeO2 was chosen as a support to anchor the two sets 
of single atoms, Ni1 and Ru1. 



Catalysts consisting of CeO2 nanorods and two sets of single-atom sites, 
Ni1 or/and Ru1, were successfully synthesized in this work. Operando studies 
of chemical and coordination environments during catalysis revealed that both 
Ni and Ru cations are singly dispersed and remained at the cationic state 
during catalysis. This catalyst is highly active for reforming methane with CO2. 
Selectivity for producing H2 reaches 98.5% at 600 °C. Synergy effects 
between single-atom sites Ni1 and Ru1 at low concentration of 2.5% Ni and 
2.5% Ru were proved. Computational studies proposed a molecular 
mechanism for the synergistic effects of Ni1 and Ru1 sites in reforming 
CH4 with CO2. This work suggests an avenue in designing new catalysts with 
high activity and selectivity at a relatively low temperature. 

 
2. Experimental and Computational Methods 

 
The CeO2-based nanorods were synthesized with a modified hydrothermal 
method.(29−31)Typically, 4 mmol of metal nitrite precursors was dissolved in 
10 mL of deionized water and then added to 70 mL of NaOH solution (6 mol/L) 
dropwise under vigorous stirring. A precipitate was formed during stirring. 
After being stirred for 30 min at room temperature, the slurry was transferred 
to a stainless-steel autoclave (100 mL) with PTFE lining and maintained at 
120 °C for 24 h. Then the autoclave was cooled to room temperature 
naturally. The solid in the autoclave was separated by centrifugation and then 
washed with water until the pH was about 7.0. The solid separated upon the 
centrifugation was collected and then dried in an oven at 80 °C for 12 h. After 
the drying step, the product was ground into fine powder and then calcined at 
400 °C for 2 h in air. Catalytic performances of a catalyst were measured with 
a fixed-bed flow reactor. Specific catalytic conditions can be found in section 1 
of the Supporting Information. 
The high-resolution transmission electron microscope (HR-TEM) images and 
high angle annular dark field (HAADF) images in the STEM mode of used 
catalysts were taken by using a FEI Tecnai F20 XT. Powder X-ray diffraction 
(XRD) patterns of used catalysts were recorded with a Rigaku Ultimate IV 
operating in reflection mode with Cu Kα radiation that was monochromated 
with a secondary graphite monochromator. Extended X-ray absorption fine 
structure spectra (EXAFS) at the Ru K-edge and Ni K-edge of catalysts during 
catalysis were collected at a beamline 2-2 at SSRL and ISS end station (8-ID) 
at NSLS-II. Details of characterization can be found in section 2 of 
the Supporting Information. 
Ambient-pressure X-ray photoelectron spectroscopy is an analytical method 
by which surface of a material in gas phase at certain pressure (mostly subtorr 
or a couple of torr of gas) is examined when gas is remained during data 
acquisition. The upper limit of gas pressure is limited to the brightness of the 
X-ray beam and other factors. The surface chemistry of a catalyst uncovered 
under this condition can be correlated with catalytic performance of the 
catalyst. The Ce 3d, Ni 2p, Ru 3p, and O 1s of a catalyst before catalysis were 



collected at 150 °C for increasing conductivity of CeO2-based samples and 
thus minimizing surface charging. For in situ/operando studies of surface of 
the catalyst during catalysis at a temperature higher than 150 °C, there is no 
charging effect. 
All the DFT calculations were carried out with a periodic slab model using the 
Vienna ab initio simulation program (VASP).(32−35) The generalized gradient 
approximation (GGA) was used with the Perdew–Burke–Ernzerhof 
(PBE)(36) exchange-correlation functional. The projector-augmented wave 
(PAW) method(37,38) was utilized to describe the electron–ion interactions; 
the cutoff energy for the plane-wave basis set was 450 eV. Details of DFT 
calculations can be found in section 3 of the Supporting Information. 

 
3. Results and Discussion 

 
3.1. Preparation of CeO2 Nanorods with anchored Ni1 and Ru1 Sites or Coanchored 
Ni1 and Ru1 Sites 

Three type of catalysts, namely Ru1/CeO2, Ni1/CeO2, and Ru1 + Ni1/CeO2, were 
prepared with the specific protocol described in the Experimental Section. The 
loading concentrations of Ru, Ni, and the total of Ru and Ni in the three 
catalysts are 5.0 wt % for Ce0.95Ru0.05O2, 5.0 wt % for Ce0.95Ni0.05O2, and 2.5 wt % 
+ 2.5 wt % for Ce0.95Ni0.025Ru0.025O2, respectively. Morphology and lattice fringes 
of the used Ru1/CeO2, Ni1/CeO2, and Ru1+Ni1/CeO2 were examined with 
HRTEM. The observed diffraction peaks of Ru1 + Ni1/CeO2 catalyst in the XRD 
pattern in Figure S1 in the Supporting Information were indexed to (111), 
(200), (220), and (311) planes, which correspond to a typical fluorite structure 
of CeO2 (JCPDS 43-1002).(29) No characteristic diffraction peaks belonging to 
NiO and RuO2 nanoparticles could be detected, suggesting the lack of NiO 
and RuO2 nanoparticles. Thus, these used catalysts, Ru1/CeO2, Ni1/CeO2, and 
Ru1 + Ni1/CeO2, remain the fluorite phase of pure CeO2 without formation of 
NiO or RuO2 nanoparticles on them. XRD patterns of the used catalysts 
suggest that these catalysts have high structural stability during catalysis at 
600 °C. 
High-resolution TEM images of the used catalyst Ru1 + Ni1/CeO2 allow for 
identification of lattice fringes (Figures 2 and 3). The dominantly exposed 
planes of Ce0.95Ru0.05O2, Ce0.95Ni0.05O2, and Ce0.95Ru0.025Ni0.025O2 catalysts exhibit 
interplanar spacing of 2.80 Å, which corresponds to (200) planes of 
CeO2.(29) As Ni and Ru atoms have lower atomic number than a Ce atom, it 
is challenging to distinguish Ni or Ru atoms from Ce atoms of CeO2 nanorods 
by the HAADF–STEM technique. Many efforts were made in checking 
whether NiO or/and RuO2 could have been formed on the surface of 
CeO2 nanorods. No NiO or RuO2 nanoparticles were observed on the surfaces 
of CeO2 nanorods of these catalysts even at different tilting angles of 
specimens in HAADF–STEM. These structural characterizations of catalysts 
used for reforming CH4 with CO2 suggest that Ru and Ni cations are highly 
dispersed. In fact, they are singly dispersed; their single dispersions in terms 



of single-atom sites of Ni1 and Ru1 of these used catalysts were confirmed with 
operando EXAFS studies to be presented in next sections. 

 

 

Figure 2. HRTEM images of Ce0.95Ni0.025Ru0.025O2 catalyst after it was used for 
reforming of methane with CO2 at 600 °C performed in a fixed-bed flow 
reactor. 

 

 

Figure 3. Aberration-corrected STEM images of Ce0.95Ni0.025Ru0.025O2 catalyst 
after it was used for reforming of CH4 with CO2 at 600 °C performed in a fixed-
bed flow reactor. 



Figure 3 presents the aberration-corrected HAADF–STEM images of a 
Ce0.95Ni0.025Ru0.025O2 catalyst which was used for reforming CH4 at 600 °C. The 
used Ce0.95Ni0.025Ru0.025O2 catalyst retains the original morphology of nanorods 
after catalysis at 600 °C (Figure 3a). The two-dimensional lattice fringe of the 
used Ce0.95Ni0.025Ru0.025O2 can be readily identified in Figure 3b. The interplanar 
distances of the CeO2 nanorods of the used catalyst Ce0.95Ni0.025Ru0.025O2 along 
the two directions marked with red dashed lines in Figure 3b are 2.8 and 1.9 
Å, which correspond to the interplanar distance of two adjacent planes of 
(200) and that of two adjacent (220) planes of CeO2, respectively. The 
identification of these lattice fringes shows that (110) is one of the 
preferentially formed plane prependicualr to (200) and (022), consistent with 
that reported in literatures.(29,31) No NiO and RuO2 nanoparticles were 
observed from the used catalyst Ce0.95Ni0.025Ru0.025O2 (Figure 3). Similar to 
Ce0.95Ni0.025Ru0.025O2, (110) planes of Ce0.95Ni0.05O2 and Ce0.95Ni0.05O2 are the 
preferentially exposed surfaces, and there is lack of NiO or 
RuO2 nanoparticles formed on the surface of nanorods of the two used 
catalysts. 
 

3.2. Catalytic Performance of Single-Atom Ru1 and/or Ni1 Sites on Ceria Support 

Catalytic performances of three Ce1–x–yNixRuyO2 catalysts (Ce0.95Ni0.05O2 and 
Ce0.95Ru0.05O2, Ce0.95Ni0.025Ru0.025O2) for reforming methane with CO2 in terms of 
conversion of CH4 and selectivity for production of H2 and ratio of H2 to CO 
were studied with a fixed-bed flow reactor in the temperature range of 300–
600 °C. For the measurements of catalytic performances, 50 mg of each of 
the three catalysts diluted with 300 mg of purified quartz was loaded to the 
reactor. A 40 mL/min mixture of CH4 (1% in Ar) and CO2 (1% in Ar) was mixed 
and flown through the catalyst bed. Selectivities for producing H2 on 
Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 at 600 °C are 80.0% and 82.9%, respectively 
(black and red lines in Figure 4b). Compared to Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2, 
Ce0.95Ni0.025Ru0.025O2 exhibits a higher selectivity of 98.5% for producing H2 at 
600 °C (blue line in Figure 4b). As shown in Figure 4a, the conversion of 
CH4 on 50 mg Ce0.95Ni0.025Ru0.025O2, 91% is obviously higher than half of the total 
of conversions of 50 mg Ce0.95Ru0.05O2 (83%) and 50 mg of Ce0.95Ni0.05O2 (63%) 

at 600 °C (Figure 4a), 73% , which suggests a synergy effect of Ni 
and Ru cations on reforming CH4 with CO2. In addition, the yield of H2 at 
600 °C (90%) is much higher than half of total yield of Ce0.95Ni0.05O2 (65%) and 

Ce0.95Ru0.05O2 (52%), 58.5% . Here, we assume that the number of 
sites (Ni1 or Ru1) on topmost layer of CeO2 is proportional to the nominal 
composition of the three catalysts and that the numbers of Ni1 and Ru1 sties of 
Ce0.95Ni0.025Ru0.025O2 are half of the number of Ni1 sites of Ce0.95Ni0.05O2 and half of 
the number of Ru1 sites of Ce0.95Ni0.05O2, respectively. 

 



 

 

Figure 4. Catalytic performances of Ce0.95Ni0.05O2, Ce0.95Ru0.05O2, and 
Ce0.95Ni0.025Ru0.025O2 for reforming of CH4 with CO2. (a) Conversion of CH4, (b) 
selectivity for producing H2, and (c) H2/CO ratio. Ce1–x–yNixRuyO2 (50 mg) diluted 
with 300 mg purified quartz was loaded to the fixed-bed flow reactor. CH4 (20 
mL/min) (1.0%) and 20 mL/min CO2 (1.0%) were mixed and then flown into 
the reactor. 

To explore whether the observed synergistic effect is an intrinsic characteristic 
or just a matter of number of sites of these catalysts, kinetic studies of 
Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 and Ce0.95Ni0.025Ru0.025O2 were performed under the 
same conditions. In these kinetic studies, a certain amount of catalyst diluted 
with 300 mg of purified quartz was loaded to a fixed-bed flow reactor, and a 
mixture of 40 mL/min 1.0% CH4 and 40 mL/min 1.0% CO2 was introduced to 
the reactor. Catalytic performances on these catalysts were measured in the 
whole temperature range of kinetics studies, 500–560 °C. Figure 5 presents 
Arrhenius plots of Ce0.95Ni0.05O2, Ce0.95Ru0.05O2, and Ce0.95Ni0.025Ru0.025O2 in the 
temperature range of 500–560 °C. All conversions in this temperature range 
are definitely lower than 20%. The Y axis of Figure 5 is the natural log of the 
production rate of H2 or CO (number of molecules produced per site per 
second). Apparent activation barriers were calculated through the slopes of 
these plots in Figure 5. Notably, on the basis of the production of H2, the 
measured activation barrier of Ce0.95Ni0.025Ru0.025O2 (51.7 kJ/mol) is obviously 
lower than those of Ce0.95Ni0.05O2 (66.0 kJ/mol) and Ce0.95Ru0.05O2 (75.6 kJ/mol). 
On the basis of the production of CO, the measured activation barrier of 
Ce0.95Ni0.025Ru0.025O2 (41.5 kJ/mol) is also obviously lower than those of 
Ce0.95Ni0.05O2 (61.2 kJ/mol) and Ce0.95Ru0.05O2 (71.3 kJ/mol). This intrinsic 
difference in dry reforming between Ce0.95Ni0.05O2 (or Ce0.95Ru0.05O2) and 
Ce0.95Ni0.025Ru0.025O2 confirmed the synergistic effect between anchored Ni and 
Ru cations; this synergistic effect of Ni1 and Ru1 sites on 
Ce0.95Ni0.025Ru0.025O2 decreases the activation barriers for reforming methane with 
CO2. 

 



 

Figure 5. Arrhenius plot in terms of the rate of product of (a) H2 and (b) CO 
catalyzed by the Ce1-x-yNixRuyO2 catalysts. Blue: 5 mg of 
Ce0.95Ni0.025Ru0.025O2 diluted with 300 mg of purified quartz. Black: 15 mg of 
Ce0.95Ru0.05O2diluted with 300 mg of purified quartz. Red: 20 mg of 
Ce0.95Ni0.05O2 diluted with 300 mg of purified quartz. Mixture of 40 mL/min of 
1.0% CH4 and 40 mL/min of 1.0% CO2 was introduced during kinetic 
studies. Y-axis is the natural log of the production rate of H2(a) or CO (b) in a 
unit: the number of H2(or CO) molecules formed on a metal site per second. 
For Ce0.95Ni0.025Ru0.025O2, both Ni and Ru atoms of the topmost layer were 
counted as active sites in the calculation of production rate (the number of 
H2 or CO molecules produced on a site per second). For Ce0.95Ru0.05O2 and 
Ce0.95Ni0.05O2, only Ni or Ru cations of the topmost layer were considered as 
active sites. The numbers of Ni1 atoms of Ce0.95Ni0.05O2, Ru1 atoms of 
Ce0.95Ru0.05O2, or both Ni1 and Ru1 of Ce0.95Ni0.025Ru0.025O2 were measured with AP-
XPS during catalysis. 

As shown in Figure 5, the measured apparent activation barrier for producing 
CO is different from that for producing H2 on the same catalyst. It is known that 
for many reactions more than one step could have activation barriers close to 
the step of the highest activation barrier; in fact, these steps of a catalytic 
cycle can be considered as rate-determining steps as well. In other words, to 
some extent there could be more than one rate-determining step in a 
complete catalytic cycle. However, how these rate-determining steps 
collectively give a measurable apparent activation barrier is still a debatable 
topic in the field of computational and experimental studies. Here, the 
measured difference between apparent activation barriers for producing CO 



and that for producing H2 suggests that some of the rate-determining steps for 
producing CO are different from those of the rate-determining steps for 
producing H2. In fact, both the complexity of rate-determining steps for CO and 
H2and the unknown correlation between barriers of rate-determining steps and 
observable apparent activation barrier could result in the difference between 
the measured apparent activation barrier for producing CO and that for 
producing H2. 
As shown in Figure 4c, the ratio of H2/CO increases as a function of catalysis 
temperature, which is consistent with the evolution of equilibrium H2/CO ratio 
in reforming of CH4 with CO2 as a function of temperature calculated with 
ASPEN; in this calculation the equilibrium H2/CO ratios at different 
temperatures were calculated when H2O was considered as a product formed 
from reverse water–gas shift (RWGS) of CO2 and H2. In these ASPEN 
calculations, we built a fixed-bed flow reactor, input the initial concentrations of 
CH4, (0.5%) and CO2 (0.5%), and took CO, H2, and H2O as products. Figure 
S5 plots the calculated conversion of CH4 as a function of temperatures at 
300–600 °C. At 600 °C, the conversion of CH4 is 97%. In addition, the 
calculated ratios of H2/CO were plotted in Figure S6; they increase as a 
function of catalysis temperature. This temperature evolution of H2/CO ratio 
calculated with ASPEN while H2O was a byproduct and RWGS as a side 
reaction (Figure S6) is in agreement with the one measured (Figure 4c). This 
consistency suggests that RWGS is definitely a side reaction of dry reforming 
of CH4. 
Turnover frequencies (TOFs) of reforming of methane with CO2 over these 
catalysts were calculated with yields of H2 and CO measured under a kinetics-
controlled regime. For catalysts Ce0.95Ni0.05O2 or Ce0.95Ru0.05O2, the number of 
Ni1 or Ru1 atoms on the topmost layer of the catalyst was, respectively, used 
as a denominator in the calculation of TOF. In the case of Ce0.95Ni0.025Ru0.025O2, 
the total number of both Ni1 and Ru1 atoms on the topmost layer of this 
catalyst was counted as an active site of reforming CH4 in the calculations of 
TOFs. The calculations of numbers of Ni1 or/and Ru1 sites on these catalysts 
and the corresponding TOFs can be found in section 2 of the Supporting 
Information. As shown in Figure 6, TOF of Ce0.95Ni0.025Ru0.025O2 is definitely 
higher than that of Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 at the same temperature in 
the temperature range 500–560 °C, further confirming the synergy effect 
between Ru1 and Ni1 sites on CeO2 in reforming of CH4 with CO2. 

 



 

Figure 6. Turnover frequency (TOF) of reforming CH4 with CO2 in terms of 
hydrogen production per Ni1 site of Ce0.95Ni0.05O2, per Ru1 site of Ce0.95 Ru0.05O2, 
and per 1 or Ru1 site for Ce0.95Ni0.025Ru0.025O2 at 500–560 °C. In the calculation of 
TOFs, the number of catalytic sites for Ce0.95Ni0.025Ru0.025O2 is the total number of 
Ni and Ru atoms of the topmost surface layer of Ce0.95Ni0.025Ru0.025O2. The 
number of Ni atoms on the topmost layer of Ce0.95Ni0.05O2, the numbers of 
Ru1 atoms on the topmost layer of Ce0.95Ru0.05O2, and the total number of 
Ni1 and Ru1 atoms on the topmost layer of Ce0.95Ni0.025Ni0.025O2 were measured 
with an ambient-pressure X-ray photoelectron spectrometer during catalysis 
under kinetics control regime. 

The distance between Ni1 and Ru1 cations of Ce1–x–yNixRuyO2 is expected to be 
a factor influencing catalytic performance. To address how a relative distance 
between Ni1 and Ru1 on CeO2 could influence a catalytic performance, a much 
larger variation in concentration of Ni1 (or Ru1) on surfaces of Ce1–x–yNixRuyO2 is 
necessary. To largely decrease the relative distance, one has to increase the 
loadings of Ni and Ru largely. Unfortunately, Ni (or Ru) at high loadings can 
readily form metal or oxide nanoparticles, which could readily prevent us from 
studying the synergistic effect between two sets of single atom sites. To 
largely increase the average distance between Ni1 and Ru1 sites, one has to 
largely decrease the loadings of these metal atoms. However, it is quite 



challenging to characterize chemical and coordination environments of these 
single-atom sites if the loading of Ni or Ru is too low. Facing these challenges, 
how the average distance between Ni1 and Ru1 could influence the synergetic 
effect was not explored here. 
 

3.3. Operando Studies of Catalyst during Catalysis 

Surface chemistry of catalysts during catalysis was investigated by AP-XPS. 
On the basis of the literature,(39,40) one of the photoemission features of 
Ce3+ is at 885.2 eV which does not overlap with photoemission features of 
Ce4+ of CeO2.(39,40) As shown in Figure 7a1, there is nearly lack of the 
photoemission feature of Ce3+ at 885.2 eV. It suggests that the fraction of 
Ce3+ in the surface region of Ce0.95Ni0.025Ru0.025O2 before catalysis is quite low, 
forming a valley in the region of 885.2 ± 1.5 eV. Compared to the catalyst 
before catalysis, the fraction of Ce3+ during catalysis at 550 °C is obviously 
higher than that before catalysis, as evidenced by the formation of a plateau in 
the region of 885.2 ± 1.5 eV during catalysis at 550 °C (Figure 7a2) instead of 
a valley-like feature (Figure 7a1). The deconvolution of Ce 3d collected at 
550 °C during catalysis suggests that the Ce3+/(Ce3+ + Ce4+) is 20.3%, which is 
much higher than the 2.3% of catalyst at 150 °C in UHV. In terms of the 
O1s feature before catalysis, the major oxygen species represented by the 
O1s feature is surface lattice oxygen. A component at 532.0 eV in the O 1s 
spectrum of the fresh catalyst (Figure 7b1) was observed and assigned to 
−OH groups formed on the surface of ceria.(39,41) It is formed through 
dissociative chemisorption of water molecules on oxygen vacancies in the 
cooling process in air upon calcination at a high temperature during catalyst 
preparation. The atomic fraction of these species of hydroxyl groups 
decreased along the increase of catalysis temperature. Because Ru 3d 
overlaps with C 1s, Ru 3p spectra were collected here to analyze Ru. As 
shown in the Figure 7c1, Ru is at an oxidizing state in the fresh catalyst of 
Ce0.95Ni0.025Ru0.025O2. When Ce0.95Ni0.025Ru0.025O2 was under catalysis conditions at a 
specific temperature (Figure 7c2), binding energies of Ru 3p downshifted to 
the side of lower binding energy. This downshift of binding energy of Ru 3p 
indicates an increase of electron density of Ru atoms. This is due to a partial 
reduction of Ru atoms or a change of chemical or/and coordination 
environment of Ru atoms to an environment of Ru with a higher electron 
density. Notably, the binding energy (462.4 eV) of Ru 3p of Ru atoms during 
catalysis at 550 °C (Figure 7c2) is still higher than the metallic Ru 3p, which is 
461.7 eV;(42) it suggests that Ru atoms of Ce0.95Ni0.025Ru0.025O2 are at a cationic 
state. 

 



 

Figure 7. Ce 3d, O 1s, Ru 3p, and Ni 2p photoemission features from AP-XPS 
studies of Ce0.95Ni0.025Ru0.025O2 during reforming of CH4 with CO2. (a1, b1, c1, and 
d1) Photoemission feature before catalysis, (a2, b2, c2, and d2) 
photoemission feature during catalysis at 550 °C. The molar fractions of 
CO2 and CH4 in the flowing mixture are 50% and 50%. 

Figure 7d presents the Ni 2p3/2 of Ce0.95Ni0.025Ru0.025O2 collected under different 
conditions. The photoemission feature of Ni 2p1/2 was not shown in this figure 
so that the photoemission feature of Ni 2p3/2 can be presented clearly. 
Although a slight down shift of Ni 2p 3/2 was observed during catalysis 
(Figure 7d2) compared to that before catalysis (Figure 7d1), Ni atoms of this 
catalyst during catalysis with Ni 2p3/2 at 854.8 eV remained at an oxidative 
state based on the binding energy of Ni 2p photoelectrons of NiO at 853.8 
eV.(43) In the case of NiO nanoparticles, a very strong satellite peak of Ni 2p 
3/2 was clearly observed at 861.4 eV;(43) this satellite peak is originated at 
long-range scattering of structure of ···Ni–O–Ni–O–Ni–O··· in the lattice of a 
NiO nanoparticle whose surface region has interdigitated Ni and O 
atoms.(24,44,45) By checking this satellite peak, we can judge whether there 
is a Ni–O–Ni structure or not on the surface region of the catalyst. For 
instance, Ni 2p3/2 of singly dispersed Ni atoms in micropore of ZSM-5(18) and 
on the surface of Co2.25Ni0.75O4 nanoparticles does not exhibit such a satellite 



peak in our previous studies.(24) Here, the lack of satellite peak next to the Ni 
2p3/2 main peak (Figure 7d2) suggests that Ni atoms during catalysis at 
550 °C are singly dispersed instead of formation of NiO lattice, ···Ni–O–Ni–O–
Ni-O···. Thus, the AP-XPS studies of Ce0.95Ni0.025Ru0.025O2 clearly suggest that Ni 
and Ru atoms in this catalyst during catalysis are at a cationic state instead of 
a metallic state.(46) This was confirmed by inoperando studies of chemical 
and coordination environments of Ni and Ru atoms during catalysis with 
EXAFS (Figure 8). 

 

 

Figure 8. Operando studies of Ce0.95Ni0.025Ru0.025O2 during catalysis and 
reference samples (Ni foil, Ru foil, NiO powder, and RuO2 powder) using X-ray 



absorption spectroscopy (XANES and EXAFS) and corresponding Fourier 
transformed radical distribution function of Ru K edge and Ni K edge. In these 
studies, a certain amount of Ce0.95Ni0.025Ru0.025O2 was loaded into the quartz 
reactor of EXAFS and XANES cells. A mixture of CH4, CO2 and He was flowed 
through the catalyst bed of the EXAFS cell at catalysis temperature. Data 
collection after sample was cooled to 50–100 °C: (a) energy space of Ru K 
edge of Ce0.95Ni0.025Ru0.025O2 and Ru foil reference; (b) energy space of Ni K 
edge of Ce0.95Ni0.025Ru0.025O2 and Ni foil reference. (c) Experimental (black) and 
fitting (red) r-space spectra of Ru K edge of Ce0.95Ni0.025Ru0.025O2. (d) 
Experimental (black) and fitting (red) r-space spectra of Ni K edge of 
Ce0.95Ni0.025Ru0.025O2. (e) r-space spectrum of reference sample Ru foil. (f) r-
space spectrum of reference sample Ni foil. (g) r-space spectrum of reference 
sample RuO2. (h) r-space spectrum of reference sample NiO. All r-space 
spectra are shown without phase correction. (i) Coordination environments of 
Ni1 and Ru1 atoms of Ce0.95Ni0.025Ru0.025O2 during catalysis. 

From the feature of near-edge absorption of the Ru K edge and Ni K edge 
collected during catalysis, Ru and Ni atoms of Ce0.95Ni0.025Ru0.025O2 during 
catalysis are at cationic states (Figures 8a,b). The R-space spectra of the Ni K 
edge and Ru K edge obtained from EXAFS studies of 
Ce0.95Ni0.025Ru0.025O2 during catalysis show that Ni and Ru atoms are singly 
dispersed and coordinated with oxygen atoms during catalysis. The fitting 
results of the Fourier transformed radical distribution functions (Figure 8c,d) 
suggest that Ru and Ni are coordinated with O in the first shell and Ce in the 
second shell during catalysis. As shown in Figure 8i, the fittings of r-space of 
Ni K-edge suggest that (1) each Ni atom bonds with three oxygen atoms on 
average in the first coordination shell, (2) the distance between Ni and O is 
1.90 ± 0.02 Å, (3) each Ni atom coordinates with three Ce atoms in the closest 
second coordination shell (Ni–O–Ce), and (4) the direct distance between Ni 
and Ce in Ni–(O)–Ce is 3.10 ± 0.07 Å. Similar fitting of r-space of Ru K-edge 
suggests that (1) each Ru atom bonds with about four oxygen atoms in the 
first coordination shell, (2) the direct distances between Ru and O are 1.86 ± 
0.06 Å and 2.11 ± 0.05 Å, which are close to the 1.90 ± 0.02 Å of Ni–O of this 
catalyst to some extent, (3) each Ru atom coordinates with three Ce atoms in 
the closest second coordination shell (Ru–O–Ce), and (4) the direct distance 
between Ru and Ce is 2.78 ± 0.02 Å, which is a reasonable distance between 
Ru and Ce since the ionic radii of Ru and Ce are 0.82 and 1.15 Å, 
respectively,(47) and the ∠Ru–O–Ce is about 55°. 
The coordination number and bond distance of Ni1 and Ru1 uncovered with 
operando EXAFS studies (Figure 8i) are consistent with the geometries of 
Ni1 and Ru1 sites on the surface of CeO2 (110) optimized with DFT calculations 
(Figure 9). Obviously, the r-space spectra of Ru K-edge and Ni K-edge do not 
support the existence of the second shell of Ru or Ni atoms in terms of Ru–O–
Ru and Ni–O–Ni structure, respectively. Thus, we concluded that Ru and Ni 
cations are in the format of single dispersion on CeO2 during catalysis instead 
of NiO, RuO2, Ni, or Ru nanoparticles. 



Figure 9 

 

Figure 9. Most stable surface structure representing the surface of 
Ru0.025Ni0.025Ce0.95O2 during catalysis. (a) Top view of CeO2 (110) anchored with a 
Ni1 atom. (b) Side view of CeO2 (110) anchored with the Ni1 atom. (c) Top view 
of CeO2 (110) anchored with Ru1 atoms. (d) Side view of CeO2 (110) anchored 
with Ru1 atoms. (e) Marked neighbor atoms (black arrows) coordinated with 
Ni1 site. (f) Marked neighbor atoms (black arrows) coordinated with Ru1 site. 
Ce, Ni, and Ru are shown in yellow, blue, and green, respectively. Red balls 
indicate oxygen atoms. These notations are used throughout this work. It is 
the most stable surface among four optimized surface structures with different 
binding environments of Ni1 and Ru1 atoms. 

 
4. DFT Calculations 

 
4.1. Different Anchoring Sites of Ni1 and Ru1 Atoms 

(110) of CeO2 is the preferentially exposed surface of a Ru0.025Ni0.025Ce0.95O2 on 
the basis of the above HRTEM studies (Figures S8 and S9). Thus, the (110) 
surface of CeO2 nanorods was chosen to build structural models for simulating 
activation of CH4 and CO2 on Ru0.025Ni0.025Ce0.95O2. Four potential doping sites for 
both Ru1 and Ni1 on CeO2, respectively, were optimized. The most stable 
doping sites are shown in Figure 9. Chemical and coordination environments 
of Ni1 and Ru1 atoms of the most stable sites offered through optimization with 
DFT (Figure 9) are listed in Table S1. These bonding parameters (Table S1) 



are in good agreement with the coordination environments measured through 
operando EXAFS studies of Ni K-edge and Ru K-edge (Figure 8i). Therefore, 
the optimized surface structure in Figure 9 was used for simulating activations 
of methane and CO2 molecules to form CO and H2 in dry reforming of CH4. 
4.2. Activation of the First C–H of CH4 To Form CH3 on Ni1 

Activation of methane is one of the most important elementary steps in 
catalytic transformation of CH4 according to previous work.(20,48−50) On the 
basis of the optimized structure (Figure 9), here dissociative chemisorptions of 
methane on Ru1 and Ni1 sites were investigated. Geometries of the most 
favorable transition states in activation of the first C–H of methane on Ni1 and 
Ru1 atoms are shown in Figure 10a,b (for Ni1) and Figure 10c,d (for Ru1), 
respectively. On the basis of these DFT calculations, Gibbs free energy 
barriers for activations of the first C–H of CH4 on Ni1 and Ru1 sites are 1.88 
and 2.01 eV, respectively. These values suggest that Ni1 is the preferred 
active site for activating the first C–H of methane since the barrier on Ni1 is 
relatively lower in contrast to Ru1. In fact, the activation barrier of C–H of 
methane on the Ni1, 1.88 eV, is low in contrast to the activation barriers of the 
first C–H of methane on other catalysts,(15) which is consistent with the quite 
high activity of dry reforming at a relatively low temperature observed in this 
work. The formed CH3 and H adsorb on a Ni atom and an O atom of the 
surface lattice, respectively (Figure 10e,f). 

 

 

Figure 10. Top views and side views of transition-state geometries of 
CH4 activation and intermediate structures of formed CH3 and H on Ni1 and 
Ru1 sites on CeO2. Top and side views of transition-state geometries of 
CH4 activation on Ni1 ((a and b) and Ru1 (c and d), intermediate geometries of 
CH3 and H formed on Ni1 site (e and f) and Ru1 site (g and h). 



4.3. Transformation of CH3 to CO and H on Ni1 

Transformation of CH4 to CO can be done through four dehydrogenation steps 
to form H atoms and C atom; the formed C atom is then oxidized to form CO. 
Due to the high mobility of surface lattice oxygen atoms, the possibility of 
coupling between oxygen atom of surface lattice and carbon atom formed 
through activation of methane is considered here. 
After the formation of CH3 species, two different types of reactions including 
(1) dehydrogenation of CH3 into CH2 and H and (2) oxidation of CH3 to CH3O 
are considered here for transforming CH3 to CO. Both of them were 
investigated. The transition-state geometries of these two potential steps on a 
Ni1 site and a Ru1 site are shown in Figure S8a–d and Figure S8e–h, 
respectively. The calculated activation energies of CH3 dehydrogenation 
performed on a Ni1 site (Figure S8a,b) and CH3 oxidation on a Ni1 site (Figure 
S8c,d) are 1.39 and 1.33 eV, respectively. Therefore, the dehydrogenation of 
CH3 on a Ni1 site to form CH2 and H and oxidation of CH3 on a Ni1 site to CH3O 
are kinetically similar. However, the free energy changes for dehydrogenation 
of CH3 on a Ni1 site and oxidation of CH3 to CH3O on a Ni1 site are +0.50 and 
−0.03 eV, respectively. Thus, in terms of Ni1 site, the oxidation of CH3 to CH3O 
is likely to be the dominant pathway in contrast to the dehydrogenation of 
CH3 into CH2 and H on Ni1 site. 
Parallel to the above investigations on a Ni1 site, dehydrogenation of CH3 to 
CH2 or oxidation of CH3 on a Ru1 site were studied as well. The activation 
barrier for dehydrogenation of CH3 to CH2 and H on a Ru1 site and oxidation of 
CH3 to CH3O on a Ru1 site are 1.73 and 2.22 eV, respectively. The free energy 
change for the dehydrogenation and oxidation on a Ru1 site is 0.69 and 0.58 
eV, respectively. Thus, obviously both dehydrogenation of CH3 to CH2 and H 
and oxidation of CH3 to CH3O on a Ni1 site are kinetically favorable in contrast 
to a Ru1 site. For instance, compared to the dehydrogenation of CH3 to CH2 on 
a Ru1 with an activation barrier of 1.73 eV and free energy change of 0.69 eV, 
the oxidation of CH3 to CH3O on a Ni1 site (with activation barrier of 1.33 eV 
and free energy change of −0.03 eV) is thermodynamically favorable. Thus, 
upon the activation of the first C–H of CH4, a favorable step is oxidation of 
CH3 to CH3O on a Ni1 site. 
With similar methods, all possible steps of dehydrogenation of CH2 and CH 
and oxidation of CH2 to CH2O, CH to CHO, and C to CO on Ni1 and Ru1 sites 
were systematically investigated. The favorable pathways from activation of 
the first C–H of CH4 to formation of CO on Ni1 sites are listed in Table S2. For 
comparison, Table S2 lists the pathways from activation of CH4 to the 
formation of CO on the Ru1 site as well. 
As shown in Table S2, most of the dehydrogenation steps after the third step 
are favorable with low free energy barriers and negative Gibbs free energy 
changes on a Ru1 site. In addition, the steps of desorption of CO from the 
Ni1 site and the Ru1 site are endothermic and barrierless (step 6 in Table S2). 
Notably, the bonding of CO on a Ru1 site is much stronger than on a Ni1 site, 
which likely results in a high coverage of CO on Ru1 sites and therefore limits 



the reaction rate. In general, the activation energies of elementary steps on a 
Ni1 site are lower than those on a Ru1 site as shown in Table S2, indicating 
that a Ni1 site is more active in the transformation of CH3 to CO. Overall, DFT 
calculations suggest that a Ni1 site is responsible for the activation of CH4 to 
form CO. In the potential pathway presented in Table S2, the highest free 
energy barrier among these elementary steps is the activation of the first C–H 
bond of CH4 on both Ni1 and Ru1 sites. It suggests that methane activation is 
the rate-determining step of reforming CH4 with CO2 on Ce0.95Ni0.025Ru0.025O2. 
4.4. Activation of CO2 To Form CO and O on Ru1 + Ovac 

Due to the formation of a CO molecule from CH4 on a catalyst surface, a 
lattice oxygen atom is consumed from the surface of CeO2 and thus an 
oxygen vacancy is created. The oxygen vacancy needs to be filled so that the 
surface lattice oxygen atoms can continuously function in oxidation steps of 
the next catalytic cycle. For instance, the transition state of the step from 
CH4 to CH3 is a four-membered ringlike structure involving the bindings of C 
and H atoms of CH4 to Ni and surface lattice O atom, respectively 
(Figure 10a,b). In dry reforming (CH4 + CO2 = 2CO + 2H2), carbon dioxide is 
the only source to provide oxygen atoms to fill oxygen vacancies of the 
catalyst surface. Here, activations of CO2 on Ni1 and Ru1 sites together with 
refilling of oxygen vacancies were investigated. It is found that the Gibbs free 
energy barriers (Ga) of dissociating CO2 on a Ni1 and a Ru1 site are 1.23 and 
0.01 eV, respectively. Thus, activation of CO2 on Ru1 + Ovac is much more 
kinetically favorable than Ni1 + Ovac. After crossing this transition state (Figure 
S9a,b), the formed CO binds to Ni1 and the formed O fills Ovac next to Ni1. The 
formed CO and O atom are adsorbed on Ru1 fill to Ovac next to Ru1 (Figure 
S9g,h). As shown in Figure S9a,b, the activation of CO2 on Ni1 and 
Ru1 involves oxygen vacancies next to Ni1 and Ru1 atoms, respectively. Gibbs 
free energy changes in dissociation of CO2 on Ni1 + Ovac and Ru1 + Ovac to form 
the adsorbed CO and O are 0.76 and −0.99 eV, respectively, suggesting that 
Ru1 + Ovc is a thermodynamically favorable site. Thus, Ru1 + Ovac is kinetically 
and thermodynamically favorable for activation of CO2 in contrast to Ni1 + Ovac. 
The activation of CO2 on Ru1 + Ovac forms the second CO molecule of the 
reforming (CH4 + CO2 = 2CO + 2H2). 
 

4.5. Coupling of H Atoms To Form H2 on Ru1 

Other than formation of CO through activation of CH4 to CHn (n = 0–3) along 
with progressive oxidation of CHn (n = 0–3) to CO, H atoms are formed in the 
pathway of transferring CH4 to CO as shown in Table S2. Coupling of these 
formed H atoms on surface to form H2 is a necessary step. This step was 
simulated. Transition states for coupling hydrogen atoms on Ni1 and Ru1 sites 
are shown in Figure S10. The calculated activation barriers for coupling H 
atoms on Ni1 and Ru1 are 1.96 and 0.65 eV, respectively, while the free 
energies changes for coupling hydrogen atoms to form a H2 molecule on 
Ni1 and Ru1 sites are 0.63 and 0.26 eV, respectively. Therefore, the Ru1 site 



should be responsible for coupling atomic hydrogen to form H2 molecules 
since coupling of H atoms on Ru1 is thermodynamically and kinetically 
favorable. 
 

4.6. Synergy Effect of Ni1 and Ru1 in Reforming CH4 with CO2 

The chemical and coordination environments of Ni atoms and Ru atoms of 
optimized CeO2(110) with anchored Ni1 and Ru1 atoms proposed through DFT 
calculations are consistent with the catalyst structure of experimental 
characterization using in situ/operando approaches, suggesting that the 
structural model optimized with these DFT calculations is suitable for exploring 
mechanism of reforming of CH4 with CO2. The activations of CH4 and CO2 and 
coupling of H atoms were simulated with all the possible elementary steps on 
Ni1, Ru1, Ni1 + Vac, and Ru1 + Vac. It is found that Ni1 and its adjacent oxygen 
atom are highly active for the activation of methane to form both CO and 
oxygen vacancy with a low activation barrier, offering high activity of reforming 
methane on Ce0.95Ni0.025Ru0.025O2 at a relatively low temperature. Ru1 + Ovac is 
responsible for activating another reactant. The different roles of a Ni1 site (for 
activation of CH4) and a Ru1 site (for activation of CO2) of 
Ce0.95Ni0.025Ru0.025O2 clearly justified the synergistic effect between Ni1 and 
Ru1 observed experimentally. 
As shown in sections 4.2, 4.3, and 4.5, the formed H atoms in the steps of 
activating CH4 to form CO on a Ni1 site prefer to couple each other to form a 
H2 molecule on a Ru1 site. Thus, the first formation of H atoms on a Ni1 site 
and then coupling H atoms to form H2 molecules on a Ru1 site is another 
synergistic effect between Ni1 and Ru1 sites of Ce0.95 Ni0.025Ru0.025O2; in other 
words, Ni1 and Ru1 sites play a sequential role in first generation of H atoms 
on Ni1 sites and then coupling H atoms to form H2 on a Ru1 site in a catalytic 
cycle. Thus, these DFT calculations provided molecular pictures of the two 
synergy effects of the two sets of single-atom sites (Ni1 and Ru1) on 
Ce0.95 Ni0.025Ru0.025O2. 

 
5. Summary 

 
Two sets of single-atom sites, Ni1 and Ru1, were successfully anchored on the 
surface of CeO2 nanorods, forming a catalyst of dual single-atom sites, 
Ce0.95Ni0.025Ru0.025O2. It is highly active for reforming methane with CO2 to 
produce syngas (CO + H2) with a selectivity of 98.5% for producing H2 with an 
unprecedented high activity in terms of TOF of 73.6 H2 per site per second at 
560 °C. The synergistic effect between Ru1 an Ni1 on Ce0.95Ni0.025Ru0.025O2 were 
confirmed by its lowest apparent activation barrier and highest turnover rate of 
forming CO and H2 among Ce0.95Ni0.025Ru0.025O2, Ce0.95Ru0.05O2 and Ce0.95Ni0.05O2. 
Computational studies uncovered that the molecular-level origins of 
synergistic effects of Ni1 and Ru1 sites are (1) the complementary function of 
Ni1 (for activation of CH4) and of Ru1 (for activation of CO2) and (2) the 



sequential role of first generating H atoms in activating CH4 on a Ni1 site 
and then coupling H atoms to form H2 on a Ru1 site. These reported 
synergistic effects demonstrated a new avenue for designing a catalyst with 
high activation and selectivity at a low temperature. 
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