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main objective of an economic benefit, 
ideally with additional environmental 
and social benefits.[2,3] CO2, as a waste 
product in the context of flue gases, has 
the potential to be a valuable commodity. 
Productive utilization of CO2 via conver-
sion to valuable chemicals, is an attractive 
avenue.[1,2,4] With a growing global popula-
tion, cost-effective chemical synthesis via 
CO2 utilization is highly desired.[5]

For the C1 molecules, Gibbs free ener-
gies of formation (ΔGf) are in the following 
order: CH4 > CH3OH > HCHO > CO > 
HCOOH > CO2.[6,7] Strong double bonds 
with oxygen make carbon dioxide stable 
and difficult to convert from a thermody-
namic viewpoint. Geological CO2 seques-
tration represents one of the few CO2 
conversion processes that are energetically 
favored. However, it is technically chal-
lenging and can be cost intensive.[1] Some 
CO2 conversion reactions such as carboxy-
lation do not require significant energy 
input. However, the production of the 
carboxylation reactants such as alcohols 
and alkenes can be quite energy intensive. 
Reactions producing reduced forms of 

CO2 like formaldehyde or carbon monoxide also demand hefty 
energy input. The required energy, which is thermodynami-
cally unavoidable, can be supplied thermally, electrochemically, 
or photochemically.[7] Electrochemical routes face challenges 
of low energetic efficiency (or large overpotential), slow elec-
tron transfer kinetics, low selectivity, and poor long-term sta-
bility causing a major hurdle toward commercialization.[8]  
Similarly, high operating temperatures and low photon effi-
ciencies hinder the practical operation of the thermochemical 
and photochemical processes, respectively.[9–13] From a sus-
tainability standpoint, the required external energy should be 
supplied by a renewable source. While such resources can 
supply the required energy, they still face challenges related to 
available capacity, intermittency, and/or cost. Industrial waste 
heat, on the other hand, is an abundant (5–13 quadrillion 
Btu/year, in the U.S.) and low cost energy source. Discharged 
industrial waste contains 20–50% of the consumed industrial 
energy.[14] For instance, the oxy-fuel glass furnace can produce 
1427 °C-exhaust containing 1.22 GJ of sensible waste heat per 
metric ton of glass product, which is currently wasted.[1,15] 
Recovering this waste heat for CO2 utilization can result in 
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1. Introduction

Fossil fuel utilization through human activities lead to over 
35 000 teragrams (Tg) global emissions of greenhouse gases 
each year, with CO2 being the primary component.[1] With 
the aim to limit global warming below a 2 °C increase, effi-
cient usage of CO2 is a pressing issue. CO2 utilization is a 
broad term covering a range of technologies that involves the 
consumption of CO2 to provide products or services with the 
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significant net reduction of greenhouse gas emissions. The 
challenge for industrial waste heat integration, however, resides 
in its significantly lower quality (exergy-wise) compared to elec-
tric power, chemicals, or fuels. As such, thermochemical CO2 
utilization processes operated at low temperatures are neces-
sary to enable efficient utilization of industrial waste heat.

Commercially, carbon monoxide (CO) is an indispen-
sable raw material for chemical production.[16] CO2-to-CO is 
a CO2-utilization scheme which can help produce valuable 
chemicals sustainably. We propose a hybrid redox process 
(HRP), shown in Figure 1a, which not only utilizes the CO2 to 
produce CO, but also has the potential to exploit the industrial 
waste heat, due to its low-temperature operation. Addition-
ally, it uses the abundant methane[17] to produce methanol-
ready syngas. HRP involves a two-step, open thermochemical 
loop facilitated by a redox catalyst (Reactions 1 and 2). In 
the first step, a reduced redox catalyst (generically denoted 
as MeOy) reacts with CO2 to produce high purity CO while 
being oxidized in the process. The oxidized redox catalyst 

(MeOx, x > y) subsequently reacts with methane to yield syn-
thesis gas (syngas, which is CO + H2) with a H2:CO ratio 
(≈2:1), ideal for methanol and Fischer-Tropsch synthesis.[6,18,19] 
Both syngas and CO are important industrial feed-stocks for 
chemical production. Transformation of CO2, CH4, and indus-
trial waste heat via HRP thus offers various opportunities for 
chemical synthesis, as shown in Figure 1b. As an example, 
the syngas products from HRP can readily be converted into 
methanol using Reaction 3. By combining this methanol 
product with the CO product, generated from HRP, acetic 
acid can be produced by the commercial carbonylation reac-
tion (Reaction 4).[6,16,20] Other potential products from HRP 
include methyl acetate, acetic anhydride, etc.

COy xCO MeO CO MeO Reaction 1: splitting (Step 1)2 2+ → + −  

x yCH MeO 2H CO MeO Reaction 2 :

Methane Partial Oxidation Step 2
4 2

( )
+ → + +
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Figure 1. a) Schematic of HRP (considering acetic acid as the final product). b) Paths to synthesize chemicals from CO and syngas, obtained via HRP.
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CO 2H CH OH Reaction 3: Methanol from syngas2 3+ →  

CH OH CO CH COOH Reaction 4: Cativa process3 3+ →
 

The main challenge for HRP resides in efficient conver-
sion of both methane and CO2 at relatively low temperatures. 
The CH bond activation is non-trivial, especially when lat-
tice oxygen is used as the oxidant.[21–24] On the other hand, 
existing thermochemical approaches for CO2-splitting require 
high temperatures and are often subjected to limited CO2-
to-CO conversion.[10,25–31] Sr and Fe-containing perovskite 
nanocomposites have exhibited exceptional efficacy for both 
CO2-splitting and methane partial oxidation (POx), with >98% 
CO yield and 96% syngas selectivity in respective steps.[32] 
However, these materials require high operating tempera-
tures (>950 °C), which do not allow for efficient use of the 
waste heat. Ceria (CeO2) is another promising candidate for 
the two reaction steps. But, it requires temperatures >900 °C 
for high methane conversions.[10,33–35] The substitution in 
ceria and surface promotion with platinum group metals have 
been attempted to enhance the activity of ceria-based redox 
catalysts.[26,34,36] However, effective redox catalysts for methane 
conversion and CO2-splitting at low operating temperatures 
have yet to be reported.

For the HRP process, an ideal redox catalyst should pos-
sess i) high oxygen release and storage capacity; ii) fast oxygen 
exchange rates; iii) good stability over redox cycles;[21] and iv) 
ability to operate at low temperatures (<700 °C). In the current 
study, we report 0.5 wt% Rh-promoted LaCeO4−x (Rh/LCO) as a 
superior redox catalyst for HRP. High CO2 conversion (>95%) 
and CH4-to-syngas yield (83%) are demonstrated at low tem-
peratures (≈650 °C). It was determined that La-substitution 
decreases both the surface and bulk oxygen vacancy forma-
tion energies in CeO2. Moreover, energy barriers for vacancy 
migration are also significantly lowered. The low temperature 
methane activity is further enhanced by Rh-promotion on 
the oxide surface. When operated at <700 °C, a majority of the 
energy (available work) in the waste heat from a typical glass 
plant can be utilized. At this rate, waste heat from the U.S. 
glass industry (2.9 million metric tons of glass/year) alone 
would be adequate to convert 2.3 million metric tons of CO2 
each year, producing 2.71 million metric tons of acetic acid 
annually.[1,14,15,37] Integration of the waste heat and low cost 
natural gas to convert CO2 can reduce the net CO2 emission 
for acetic acid production by 99%. Through CO2 utilization and 
waste heat recovery, HRP, using the low temperature redox cat-
alyst reported in this study, has the potential to produce value-
added chemicals well beyond acetic acid.

2. Results and Discussion

2.1. HRP Redox Catalyst Design

Cerium-based oxides, with high oxygen anion (O2−) conduc-
tivity, are promising redox catalysts.[26,38–40] At low tempera-
tures, the concentration of oxygen vacancy and its energy 
barrier for migration are particularly important since they 

determine the rate at which lattice oxygen can participate 
in the redox reactions. It is noted that unmodified CeO2 
has relatively low O2− conductivity and poor redox kinetics 
at the temperatures of interest for HRP. However, the fluo-
rite structure can accommodate cation dopants for improved 
O2− conductivity and/or structural stability.[38,41,42] Among a 
variety of cations, trivalent lanthanum cation is a good can-
didate due to its similarity in mass and size when compared 
to Ce4+. Meanwhile, addition of lanthanum can also hinder 
coke formation by increasing the surface basicity. LaCeO4−x 
(or LCO), with 1:1 La to Ce ratio, was chosen in the current 
study since substitution of more than 50% Ce in CeO2 with 
La can cause phase segregation[35,38] whereas LCO forms a 
stable structure.

2.1.1. Effect of La3+ Substitution: Density Functional Theory (DFT) 
Calculations

To determine the effect of La-substitution, DFT calculations 
were performed on i) the bulk and surface oxygen vacancy 
formation energies (ΔEV) and ii) energy barriers for oxygen 
vacancy migration of both pure and La-substituted ceria 
(CeO2 and LCO, respectively). The former quantifies the ther-
modynamic energy required for lattice oxygen removal whereas 
the latter depicts the ease of vacancy migration from a kinetics-
viewpoint. Both are important factors for the oxygen conduc-
tivity that is required for macroscopic lattice oxygen removal 
and redeposition in redox reactions. LCO unit cell was con-
structed by replacing two Ce atoms of the pristine CeO2 unit 
cell by La atoms, and then removing one O atom to form an 
oxygen vacancy (VO) as shown in Figure S1 in the Supporting 
Information. As depicted in Figure 2a, the computed ΔEV 
for LCO bulk is 2.26 eV, which is notably lower than that for 
pristine CeO2 (2.99 eV[43]). The ease of O2− migration in LCO 
bulk can be correlated with a lower oxygen migration barrier 
of 0.30 eV (vs 0.46 eV for pure CeO2

[38]) (Figure 2b), computed 
through transition-state calculations. In terms of vacancy crea-
tion and migration on the surface, (111) surface was selected 
for both CeO2 and LCO since it is reported as the most stable 
ceria surface.[44] Based on the X-ray photoelectron spectros-
copy (XPS) results listed in Table 1, significant enrichment of 
La (≈2:1 La:Ce atomic ratio) was observed near the oxide sur-
face. As such, the surface was constructed with a similar La:Ce 
ratio in DFT, as shown in Figure 2c. A negative value of ΔEV 
was computed for LCO (111) surface, indicating a higher sur-
face oxygen vacancy concentration than the initially assumed 
LaCeO3.5 stoichiometry. The migration pathway of the sub-sur-
face oxygen to the vacancy site has a very low barrier of 0.16 eV, 
which is much lower than that of CeO2 (111) surface (0.47 eV). 
Overall, the DFT results indicate significantly easier oxygen 
migration and release, in La-substituted ceria.

To further elucidate the effect of La-substitution, charge dis-
tributions of CeO2 and LaCeO3.5 were studied. Lanthanum, a 
p-type dopant, can effectively reduce the electron donation by 
the cations compared to CeO2, thereby decreasing the number 
of valence electrons (from 1.23 e− per O for pristine ceria to 
1.19 e−) on oxygen anions. The decrease in electron density 
can weaken the strength of the metal-oxygen (M-O) ionic bond. 
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This effect of La-substitution, combined with existing oxygen 
vacancies, reorganize the electronic states for LCO when com-
pared to CeO2. Such a reorganization of oxygen electronic states 
can be well described by the oxygen p-band center (εp), which is 
related to the hybridization of metal and oxygen orbitals and 
has been used as an effective descriptor for the activity of lat-
tice oxygen.[45,46] Figure 2d shows an upward-shift of εp after 
La-substitution, indicating stronger coupling between the elec-
tronic orbitals of oxygen and metal atoms.[47] This leads to a 
higher activity of lattice oxygen in LCO. Hence, La-substitution 
in ceria can be an effective approach to improve the redox per-
formance of ceria through the lowering of the energy costs for 
both oxygen vacancy formation and migration.

2.1.2. Effect of Rh-Promotion

Redox catalyst performance can be further enhanced by 
increasing the rate of surface oxygen removal, which can be 
facilitated by catalytically active sites for methane activation. 
Our previous studies indicate that the relative rates of lattice 
oxygen (O2−) conduction to the surface and the surface oxygen 
removal by the gas–solid reactions determine the selectivity and 
activity of the redox catalysts for methane POx.[48] In the present 
study, Rh is selected as the active metal to enhance the catalytic 
activity for methane activation due to its high activity and resist-
ance toward oxidation under the cyclic redox conditions.[48] 
Figure 3a illustrates the X-ray diffraction (XRD) patterns of the 
as-prepared samples (0.5 wt% Rh promotion on both CeO2 and 
LCO), confirming the fluorite structure of ceria being main-
tained after both the La-addition and Rh-promotion. Introduc-
tion of La in ceria leads to a shift in the position of the ceria 
peaks to smaller 2θ values. This is consistent with the antici-
pated lattice parameter increase, resulting from the increased 
number of oxygen vacancies and larger cation diameter of La3+. 
The patterns also indicate that Rh is unlikely to be incorporated 
into the bulk structure (Figure S15b, Supporting Information), 
based on absence of lattice parameter change between the 
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Table 1. Near surface atomic compositions of the redox catalysts 
(oxygen free basis, numbers shown in parentheses correspond to 
expected compositions based on bulk stoichiometry).

Sample La3d [%] Ce3d [%] Rh3d [%]

CeO2 100.0

LCO 64.1(50) 35.9 (50)

Rh/LCO 61.0 (49.6) 34.7 (49.6) 4.3 (0.8)

Figure 2. a) Computed energies of oxygen vacancy formation (ΔEV). b) Energy barriers for oxygen vacancy migration for bulk and (111) surface of CeO2 
and LaCeO3.5. c) Energy potential profile along the most favorable oxygen migration pathway on the (111) surfaces of CeO2 and LaCeO3.5. d) Electronic 
projected density of states (PDOS) of CeO2 and LaCeO3.5.
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reference and Rh-promoted ceria samples. This is consistent 
with the XPS results (Table 1), which indicate more than five-
fold increase in near-surface Rh-content, when compared to 
the average atomic composition of the bulk material. The sig-
nificant surface enrichment of Rh is desirable for enhanced 
methane activation.

Methane temperature programmed reduction (TPR) experi-
ments were conducted to determine the effect of promoting 
LCO with Rh. As shown in Figure 3b, Rh/LCO maintained the 
fluorite structure throughout the reduction reaction in the pres-
ence of methane. Lattice oxygen removal resulted in increased 
oxygen non-stoichiometry as opposed to the collapse of the 
fluorite structure, as indicated by the systematic shift in peak 
positions toward smaller angles. Figure 3c shows that Rh/LCO 
activates methane at temperatures considerably lower (300 °C 
lower) than both unpromoted LCO and CeO2. Compared 
to Rh/CeO2, the onset temperature for methane activation 
on Rh/LCO was also ≈100 °C lower (Figure S16, Supporting 
Information). Although the cumulative oxygen release from 
Rh/CeO2 was higher than that for Rh/LCO at higher tempera-
tures due to the higher Ce content in Rh/CeO2, the superior 
activity at low temperatures for Rh/LCO represents a distinct 
advantage for HRP. The ability to maintain phase stability 
while accommodating significant oxygen vacancy formation 

under reducing conditions at relatively low temperatures 
(≈350 °C onset temperature) makes Rh/LCO a promising 
material for HRP.

2.2. Redox Catalyst Performance in HRP

For HRP, the desired redox catalyst should be able to pro-
duce high yields of syngas and CO at low temperatures 
(<700 °C). This would enable efficient waste heat integration. 
To that end, the activity and selectivity of the redox catalysts 
during both the reduction and oxidation steps were tested in a 
quartz U-tube reactor. Figure 4a compares the performance of  
Rh/LCO and Rh/CeO2 at various temperatures. As can be seen, 
Rh/CeO2 exhibited comparable methane conversions at 700 °C 
and above (up to 99% at 900 °C). In comparison, Rh/LCO is sig-
nificantly more active at lower temperatures (500 and 600 °C).  
For instance, methane conversion on Rh/LCO more than 
tripled that on Rh/CeO2 at 500 °C, highlighting the supe-
rior low-temperature performance of the La-substituted ceria  
sample. Based on the TPR results of Rh/LCO (Figure 3b) 
and the requirement of HRP, a standard operating tempera-
ture of 650 °C was selected for redox performance evalu-
ations. The reactor-feeds were switched between methane 
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Figure 3. a) X-ray diffractogram for Rh-promoted ceria and LCO. b) CH4 TPR + in situ XRD of Rh/LCO. c) CH4 TPR of Rh/LCO, LCO, and ceria.
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(reduction or POx step) and CO2 (oxidation step), with an 
intermediate purge step. The calculated performance param-
eters (defined in Equations S1 and S2 in the Supporting Infor-
mation) include methane conversion (%), CO selectivity (%) 
and syngas yield (during reduction) (mmol g−1 redox catalyst) 
along with CO2 conversion (%, during oxidation). We note 
that a small fraction (5.5%) of methane is converted into coke 
during the methane partial oxidation step. However, this coke 
is subsequently converted into additional CO via reverse Boud-
ouard reaction during the CO2-splitting stage, resulting in zero 
net coke formation during the redox cycle. As such, the CO 
selectivity reported did not include the coke formation in the 
methane partial oxidation step. Further details with respect to 
the mass balances during the methane POx and CO2-splitting 
steps are summarized in Table S4 in the Supporting Informa-
tion. Figure 4b is a representative product distribution during 
one redox cycle using Rh/LCO at 650 °C, with Figure 4c com-
piling the results of the two half-cycles over 25 complete redox 

cycles. Rh/LCO shows a stable methane conversion of ≈90% 
and a high CO selectivity of 90%. CO2 conversion during the 
CO2-splitting step was also near complete. This stable perfor-
mance is also observed in Figure 4d, with the phases being 
maintained intact after repeated cycles. At a low temperature 
of 650 °C, a syngas yield of roughly 0.5 mmol g−1 material was 
observed for each of the redox cycles. La-substitution in ceria 
leads to reduced amount of Ce4+ ions per mole of the redox 
catalyst. This causes a decrease in the amount of available 
oxygen for fuel production from a theoretical standpoint. Prac-
tically, however, the higher activity and superior redox proper-
ties of the lattice oxygen in LCO, as discussed in Section 2.1, 
results in 42% more accessible lattice oxygen during the redox 
reactions when compared to Rh promoted CeO2 (Figure S8, 
Supporting Information). Figure 4d also confirms the stability 
of the LCO phase, as indicated by the relatively small shifts 
in diffraction peaks for the reduced Rh/LCO compared to the 
oxidized sample.

Adv. Energy Mater. 2019, 9, 1901963

Figure 4. a) Performance comparison of Rh/LCO with Rh/Ceria for methane conversion. b) Representative product distribution for Rh/LCO under the 
HRP scheme at 650 °C. c) Redox cycle results of Rh/LCO at 650 °C: CH4 and CO2 conversion (X), CO selectivity (S), and Syngas yield. d) Phases of 
as-prepared and cycled Rh/LCO, showing stability over multiple redox cycles.
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2.3. Process Analysis

As shown in Figure 1a, the overall HRP has three main sec-
tions: i) upstream HRP section, where syngas and CO are 
produced; ii) methanol synthesis section, that converts syngas 
into methanol; and iii) acetic acid synthesis section in which 
methanol and CO are converted to acetic acid by the Cativa 
process. A variety of downstream chemicals can be manufac-
tured with this scheme (Figure 1b). We first focus on acetic 
acid considering its growing market. Coal-based acetic acid 
synthesis, as an established commercial process, is an ideal 
reference process for comparison. Production of syngas and 
CO via coal gasification and chemical looping are broadly 
depicted in Figure 5a. We note that the downstream chemical 
production section of the two processes, i.e., coal gasification 
(CG) and HRP, are identical. The main difference of the two 
approaches resides in the upstream section, where syngas 
and CO are generated. In CG, water gas shift is necessary, 
followed by CO2 removal to obtain methanol-ready syngas and 
pure CO. Energy required for the CO2 separation is accounted 

for without further compression. Methane combustion is 
assumed to be the energy source for the CG route, with H2 
separation, CO2-separation, and air separation unit (ASU) 
contributing to the overall process.[21] Based on the material 
performance shown of Figure 4c, HRP provides a carbon effi-
ciency of roughly 87% (Figure 5b) implying conversion of 87% 
of carbon in the feeds (CH4 and CO2) to acetic acid, which is 
51% higher than that of the CG. Using an AspenPlus model 
based on our previously reported process model for solar 
based methane and CO2 conversion,[32] the overall energy 
required for HRP and CG were calculated. After the integra-
tion of the industrial waste heat, HRP demands 11.1 GJthermal 
for every metric ton of acetic acid produced. This is 68% lower 
than the CG demand, which includes 8 GJthermal for CO2 sepa-
ration. The high carbon efficiency of HRP manifests in high 
productivity, where it produces 2.5 times as much acetic acid 
as CG, per GJ of feed fuel. After accounting for HRP carbon 
credit for CO2 utilization, simulation results suggest that pro-
duction of 1 metric ton of acetic acid results in a negligible 
net CO2 production (0.022 metric tons) in the HRP case. In 

Adv. Energy Mater. 2019, 9, 1901963

Figure 5. a) Schematic of HRP and CG (coal gasification), with similar downstream units [CG route requires H2 and CO2 removal to obtain syngas 
and pure CO]. b) Comparison of HRP with CG, using various parameters.
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contrast, CG leads to 2.1 metric tons of CO2 emission for each 
ton of acetic acid produced.

2.4. Potential Impacts

The U.S. industrial sector accounts for approximately one 
third of all energy used in the country; consuming ≈32 quadril-
lion Btu of energy every year.[1,14] Industrial waste heat refers 
to energy that is generated in industrial processes without 
being put to practical use. This accounts for roughly 40% of 
total annual industrial energy consumption.[14] Capturing and 
reusing this waste heat is an effective approach to improve the 
overall energy efficiency and lowering CO2 emissions, as it is 
an emission-free substitute for fossil fuels or electricity. The 
high temperature waste heat sources (1200–1700 °C range),[1,14] 
which are listed in Table 2, are exploitable considering their 
high quality from a thermodynamic second-law standpoint. 
These major industrial processes consume a combined total 
of 120 TBtu of energy every year, out of which ≈30% ends up 
in waste heat. Assuming 50% of the sensible heat in the waste 
heat stream is utilized, there is an annual supply of 18.6 TBtu 
of energy, efficiently exploitable at an operating temperature of 
650 °C for HRP. The upstream reactor configuration of HRP 
demands 5.33 MBtu of energy for every metric ton of produced 
acetic acid, which can be sufficed by supplying the available 
waste heat. Considering the carbon efficiency of the process, 
0.85 kg of CO2 is utilized for the production of 1 kg of acetic 
acid. This makes HRP capable of utilizing roughly 3 million 
metric tons of CO2 to manufacture 3.5 million metric tons of 
acetic acid each year via waste heat integration. The combined 
usage of the abundant i) high temperature industrial waste 
heat, ii) methane, and iii) CO2 offers an excellent opportunity 
for a sustainable process. The superior low temperature redox 
performance of Rh/LCO enables efficient waste heat integra-
tion, making HRP an attractive route for sustainable CO2 utili-
zation and chemical production.

3. Conclusion

We report the HRP that performs CO2-splitting and methane 
partial oxidation (POx) in a synergistic two-step, thermochem-
ical redox scheme. Ceria, being a promising material for such 
a redox cycle, is modified by La-substitution and Rh-promotion. 
DFT calculations indicate that La-substitution can decrease the 
oxygen vacancy formation energy and migration barriers in both 

the bulk and surface of the fluorite structured 
oxide. The reduced Rh/LaCeO3.5−x is capable 
of converting almost 100% of the CO2 to CO 
at temperatures below 700 °C. In the subse-
quent step, it converts 90% of methane selec-
tively to syngas with a 2:1 H2:CO ratio that 
is ideal for methanol synthesis, thus demon-
strating superior methane partial oxidation 
at low temperatures. The ability to operate 
redox cycles at low temperatures allows for 
efficient integration of the industrial waste 
heat, which is an excellent emission-free 

energy source. Syngas and CO are crucial feedstocks, for the 
production of methanol followed by a variety of carbonyl-con-
taining products like mono-ethylene glycol, acetic anhydride 
or acetic acid. When compared with the conventional coal-
based route, HRP offers a 68% reduction in the overall energy 
demand and 99% reduction in net CO2 emission for acetic 
acid production. Moreover, HRP has the potential to produce 
a variety of high-value chemicals via carbonlyation. The ability 
to produce chemicals with high market volume and important 
industrial applications makes HRP a promising avenue for effi-
cient and economical CO2 utilization. At the same time, conver-
sion of low-cost natural gas, along with integration of the waste 
heat, can reduce the cost of producing acetic acid and the asso-
ciated CO2 production. HRP has the potential to utilize roughly 
3 million metric tons of CO2 every year from the three major 
industrial waste heat sources, making it a potentially suitable 
choice for sustainable CO2 fixation.

4. Experimental Section
Material Synthesis: Two redox catalysts were synthesized for this 

study: CeO2 and LaCeO4−x. Samples were prepared using a modified 
Pechini method. Stoichiometric amounts of nitrate salts of lanthanum 
[La(NO3)3, 6H2O] and cerium [Ce(NO3)3, 6H2O] were dissolved in 
deionized water and stirred for 30 min at room temperature to form 
a homogeneous solution. Citric acid, with 2.5 times the total moles 
of cations, was added and the solution was kept under stirring for 
another half an hour at 40 °C. Ethylene glycol with a molar ratio of 
1.5:1 with respect to citric acid was then added to the solution, and the 
temperature of the solution was increased to 80 °C under stirring, until 
a homogeneous gel was formed. The gel was then dried overnight at 
100 °C and annealed at 1000 °C for 8 h.

The surface of the synthesized redox catalysts was also promoted 
with rhodium using a wetness impregnation method (0.5 wt% Rh). 
Rhodium nitrate salt was dissolved in deionized water and appropriate 
stoichiometric amounts of the solution were added to the samples in 
multiple steps. The impregnated samples were then dried at 100 °C for 
4 h and sintered at 1000 °C for 6 h. The prepared redox material was 
crushed and sieved in the particle range of 90–225 µm.

Material Characterization: Powder X-ray diffraction (XRD) experiments 
were done to confirm the formation of the desired crystal phases. XRD 
patterns were obtained using a Rigaku SmartLab X-ray diffractometer 
with Cu-Kα (λ = 0.1542) radiation operating at 40 kV and 44 mA. A 
stepwise approach with a step size of 0.1° and residence time of 2.5 s 
at each step in 20–80 angle range (2θ) was used to generate the XRD 
patterns. The phase identification was done using the HighScorePlus 
software from PANalytical. Fresh (as-prepared) and spent (cycled) 
samples were analyzed.

To examine phase properties, in situ XRD was conducted during 
methane temperature programmed reduction (TPR) using an Empyrean 

Table 2. Exploitable High Temperature Waste Heat sources[14] and CO2-utilization capacity.

Industry Furnace Temperature  
[°C]

Waste Heata)  
[TBtu/year]

CO2 utilizable 
[tonne/year]

Steel Basic Oxygen  

Furnace (BOF)

1700 13.6 2 162 207

Glass Oxy-fuel 1427 2.1 33 5102

Steel Electric Arc Furnace 

(EAF)

1200 2.9 46 2760

a)utilizable for an operation at 650 °C.
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PANalytical XRD using a similar Cu-Kα radiation operating at 45 kV and 
40 mA. A 2θ range of 20–80° was used at a ramp rate of 0.1° holding 
each step for 0.1 s. A TPR experiment was conducted in the in situ XRD 
by heating the oxidized sample at 5 °C min−1 in 5% CH4 (balance N2). 
XRD scans were conducted the entire length of the ramp from room 
temperature to 750 °C.

X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific Inc.) 
with an Al-Ka X-ray source at an operating voltage of 20 kV and a current 
of 10 mA was used to analyze near surface elemental compositions. 
Survey spectra and the single element spectra were collected with  
20 and 100 eV pass energy.

Redox Experiments: Redox experiments were performed in a fixed 
bed configuration using a quartz U-tube reactor (1/8′′ ID) with 500 mg 
sample loading. Total flow rate was 25 mL min−1 with 10 vol% CH4 
(reduction for 2 min), 2% CO2 (oxidation) and balance Ar. For the 
material comparison (Figure 4a), total flow was 50 mL min−1. The 
reactor was purged with Ar after each half cycle to prevent mixing of 
the reactive gases. The samples were held in place using quartz wool to 
prevent fluidization of the particles. The reactor effluent was analyzed 
using a quadrupole mass spectrometer (Cirrus 2, MKS). To ensure 
the accuracy of the qualitative analysis, a single point calibration was 
performed using a standard calibration gas (1% H2, 1% CH4, 1% CO, 
and 1% CO2, balance Ar) before each experiment.

The reducibility of the samples in methane was characterized and 
tested through TPR experiments. The experiments were performed in a 
quartz U-tube reactor in 10 vol% methane (balance Ar). The temperature 
was increased from 350 to 950 °C with a 10 °C min−1 ramping rate and 
kept isothermal at 950 °C for 15 min. The samples were oxidized at 
950 °C in 20% oxygen (ultradry, balance Ar) prior to reduction to keep 
them completely oxidized.

DFT Computation Methods: All Density functional theory (DFT) 
calculations were implemented by the Vienna ab initio Simulation package 
(VASP)[49] with the frozen-core all-electron projector augmented wave 
(PAW) model[50] and Perdew-Burke-Ernzerhof (PBE) functions.[51] A kinetic 
energy-cutoff for the plane-wave expansion of the electronic wave function 
was set to be 450 eV. The force and energy convergence criterion were 
set to be 0.01 eV Å−1 and 10−5 eV respectively. A Gaussian smearing of 
0.1 eV was applied for optimization. A k-point grid with 7 × 7 × 7 Gamma-
centered mesh was chosen for the CeO2 and LaCeO3.5 bulk unit cell. For 
all the supercells, a corresponding number of k-points was used to keep 
the k-mesh spacing constant across different structures. The effect of Ce 
(4f) electron correlation was corrected by considering on-site Coulomb 
(U) and exchange (J) interactions following the GGA + U approach[52] with 
Ueff = 5 eV.[53] Charge distribution analysis was examined with the DDEC06 
method, which was a refinement of the Density Derived Electrostatic and 
Chemical (DDEC) approach.[54] The climbing image nudged elastic band 
(CI-NEB) method was applied to search the transition state structures.[55] 
To avoid artificial interactions between adjacent slabs for the surface 
models, a vacuum spacing of ≈15Å was used.

Atomic model of pristine CeO2 unit cell (Figure S1a,b, Supporting 
Information) was built with the optimized lattice constant of 5.418 Å,  
which was very close to the experimental reports (5.411 Å).[56] LaCeO3.5 
unit cell was built by replacing two Ce atoms by La atoms, and then 
removing one O atom to form an oxygen vacancy (VO). Due to 
symmetry, the selection of the La doping and VO sites in the CeO2 unit 
cell was unique. Subsequently, a 2 × 2 × 2 supercell of LaCeO3.5 bulk 
structure was built to avoid artificial interactions induced by the periodic 
boundary condition. To calculate ΔEV, all 7 nonequivalent sites depicted 
in Figure S2 in the Supporting Information are considered and the most 
stable one (O1 site) was chosen for subsequent calculations. Upon 
the formation of the vacancy, all adjacent 6 O atoms were allowed to 
migrate to the vacancy site, and the corresponding reaction energies are 
calculated (Table S2, Supporting Information). Among these possible 
oxygen mobility pathways, the migration of O4 and O6 were no longer 
considered due to their very large reaction energies, which indicate 
even larger barriers. Transition state calculations of the migration of the 
rest oxygen atoms (O2, O3, O4, and O6) were performed (Figure S3, 
Supporting Information). For the surfaces, to closely reproduce the 

experimental La:Ce ratio (64.1:35.9 ≈ 1.79) obtained through XPS, 
one of the outermost Ce atoms was modified to La artificially, making 
the La:Ce ratio of the first 6 layers to be 5:3 ≈ 1.67. Then a 2 × 1 × 1 
supercell surface model was built, which shows only two non-equivalent 
surface oxygen atom sites (A and B, Figure S4, Supporting Information). 
For the migration of adjacent sub-surface oxygen to the two vacancy 
sites (Figure S5, Supporting Information), the corresponding reaction 
energies of all possible O migration pathways were calculated (Table S3, 
Supporting Information), in which the migrations of O2 or O4 to B site 
were no longer considered due to the very large reaction energies. The 
transition state calculations of the rest oxygen migration pathways are 
calculated as shown in Figure S6 in the Supporting Information.

Process Simulations: Overall, the process was split into three sections: 
syngas generation, methanol (MeOH) synthesis, and acetic acid (AcOH) 
reactor. For the overall process, methane and CO2 were the feed and the 
product was AcOH.

Methanol was synthesized with syngas (containing CO2) using 
a commercial Cu/Zn/Al2O3 catalyst. A packed tubular reactor 
approximated using an RStoic model in AspenPlus, was used. The 
MeOH reactor operates at 265 °C and 105 bar, with a 64% yield 
of CO→MeOH and 17% yield of CO2→ MeOH. The synthesis of 
AcOH using MeOH and CO was done using the Cativa process. This 
commercial process produces AcOH by the carbonylation of MeOH, via 
an iridium-containing complex and hydrogen iodide (HI). A two reactor 
scheme has been used for modeling the process. The reactors were set 
at 190 °C and 22 barg and modeled as RStoic reactors. The first reactor 
involves reactions of MeOH with HI to give AcOH via AcI (methyl 
iodide). HI was replenished and was not consumed in the process. The 
second reactor assumes the formation of byproducts like propionic acid 
and CO2 via WGS reaction, from the remaining MeOH.

HRP was compared with the traditional coal-slurry gasifier (CG) 
process to obtain syngas, followed by MeOH synthesis with subsequent 
AcOH synthesis. Coal was assumed to be composed of pure carbon 
(C) with feed-water to be 40% more than the feed coal (by moles). An 
efficiency of 96% was assumed for the air separation unit (ASU), with 
the final O2:C = 0.5. An adiabatic RGibbs reactor model was used for the 
entrained bed gasifier, operating at 30 bar. All the following units are similar 
to the HRP process. The end-product was AcOH. H2 and CO2 removal 
were required to produce syngas and CO streams. CO2 removal demands 
additional energy, which was accounted for. The separated H2 was used 
as a fuel for the process energy requirements. Key assumptions for 
these AspenPlus models are presented in the Supporting Information.[32] 
Net CO2 production considers the contributions from natural gas/coal 
upstream and energy conversion facility. The estimated upstream natural 
gas emission based on a US-DOE report was 9.1 g CO2/MJ for CH4 and 
10 g CO2/MJ for coal. The emission analysis from the two processes 
was based on AspenPlus model results. For both the processes, it was 
assumed that the thermal energy requirements were met by burning the 
necessary amount of methane. While CO2 separated from coal gasification 
syngas could be further purified and compressed for sequestration, this 
would incur significant additional cost and energy consumptions. In the 
present study, these additional steps were not included and the CO2 was 
incorporated in syngas into the net CO2 production calculations. For HRP, 
CO2 usage as a feed leads to a CO2 credit.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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