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Supplementary Table S1. Summary of representative oxygen carrier materials for chemical looping
with oxygen uncoupling (CLOU) process.

Oxygen carrier material Loading of Ro2 ¥ Cycles Operation Preparation Ref
metal oxides (wt%) Temperature methods
(Wt%) (S

Supported metal oxides

CuO/MgAl204 derived from ~60 6.4 500 900 CuMgAI-LDH by This

CuMgAI-LDH coprecipitation work

CuO/Al203/NaxAlyO 55 5.0 120 800-1000 CuAl LDH with sodium 1

contamination

CuO/Alz03 60 6 n.a. 850-985 freeze granulation 2
40 n.a. 5 900-925 freeze granulation 3

CuO/ -Al,03" 33 3.3 n.a. 900-1000 impregnation 4

CuO/ 81,032 15 1.5 n.a. 900-1000 impregnation 4

CuO/ZrO2 40 4 n.a. 900-1000 freeze granulation 5
40 4 40 900-1000 mechanical mixing © 4

CuO/MgAI204 21 2.1 n.a. 900-1000 impregnation 5
40 4 16 850-900 spray drying 6
40 4 n.a. 900-925 freeze granulation 3
60 6 40 900-1000 mechanical mixing 4

CuO/CaAlsO7 25-45 2.5-45 20 800-950 mechanical mixing 7

Natural materials

Copper ore (CuO/SiO2) 9 87 8.7 - 700-1000 natural materials 8
63 6.3 - 700-1000 natural materials 8
6 0.6 20 700-1000 natural materials 8

Perov skite -type oxides

CaMno.s7sTio.12503 - D1 45 8001 1000 solid state reaction °

CaxLaw xMn1i yMyOsr @ - 0.37-0.76 - 9001 1000 solid state reaction 10

M=Mg, Ti, Fe or Cu

SrFe0s 2.2 450-850 solid state reaction u

SriixCaxFeOs-u 2.2 550 metal-nitrate 12

decomposition

Substituted SrFeOs 0.99-1.47 1000 450-700 Doping on perovskite 13

Ca, Co doped SrFeOs - 1.2 400-500 Doping on perovskite 14

Other metal oxides (s pinel and ferrites )

Mg2MnOa4 - 0.3 10 810-950 solid state reaction 15

Note: @ gaseous O- releasing capacity, calculated from theoretical loading if not noted in the literature.
b) formation of CuAl>O4 and consequently low Oz releasing capacity.

9 mechanical mixing followed by pelletizing by pressure, essentially mechanical mixing of commercial pure
copper oxide powder (particle size ~10 um) with other support (powder).

9 particles with high loading of CuO agglomerated after one cycle.
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Supplementary Fig. SL. Synthesisof LDH precursors and derived redox sorbentsa, The LDH precursors

were synthesised by qwecipitation at room temperature at a constant pH. The metal nitrate solution and the
alkaline solution were cadded dropwise to a beaker under vigorous stirring by a magnetic stirrer (at about 300
rpm). The blueprecipitate was aged for 3 h at room temperature followed by washing to remove excess sodium
ions and vacuum filtration. The washing was stopped when the conductivity of the wash water measured below
50 O% Aftenvacuum filtration, the collected ldsolid product was dried in a ventilated oven at 60 °C for at
least 12 h. A portion of dried precursor was retained for material characterisation. The rest of the dried precursor
was calcined in a tube furnace at 950 °C for 3 h using a heating raté\o Z5inder an air flow of 1 L mih

After cooling to room temperature, the solids were crushed using a pestle and mortar and sieved to the desired size
fractions for testing and characterisati@he synthesis was scaled up to kilogram s¢h)eCalcination of CuAd

LDH and €) CuMgAI-LDH precursor to mixed metal oxides. The binary GUWRIH precursor forms a mixture

of CuO and CuAIO; after calcination at high temperature. For tertiary CuMbBH, the addition of Mg to the

LDH structure inhibitedhe formation of CuAiO,4 by the preferential formation of Mg&D, which acts as a stable
support for CuO by inhibiting sintering and agglomerationing redox cycling
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Supplementary Fig. 2. XRD patterns of LDH precursor and calcined mxed metal oxides(A-D)

XRD patterns ofA, C) the precursors (LDH) an@, D) calcined mixed metal oxides -qwecipitated
using an aqueous solution containing A1 B) NaCOs + NaOH in an equimolar ratio art@, D) 2M

NaOH. The samples shown(A-D) have the following nominal molar compositior{g) Cu:Mg:Al = 3

:0:2,(b) CuMg:Al=3:0.1: 2,(c)Cu:Mg:Al=3:0.2: 2,(d) Cu:Mg:Al =3 :0.5: 2(e) Cu:Mg:Al

=3:0.8:2(f) CuuMg:Al =3 :1:2(g) CuuMg:Al = 4: 1: 2.(h) Cu:Mg:Al =5 :1: 2. The LDH
precursors were calcined into mixed metal oxides at 950°C for 3 h.



Supplementary Table 2.
I nterplanar spacing and crystall=itke asi/z g Bc alosul

K = 0.9 and & = MWaadeAing 6fhe instnument was deterenmdd experimentally as
0.102 FWHM (A2d ) using the (111) peak of a Si
molar sample LDH MM O
Cu:M.g:AI . _ Sh(_)wn doos LLpH Lcuo Lmgaizo4
ratio in Fig. 2 [nm] [nm] [nm] [nm]
3:.0:2 Q) 0.746 £+0.001 27.3+5 37+6 -
3:0.1:2 (2 0.745+£0.001 24.1+2 54+13 -
3:0.2:2 ©)] 0.746 £ 0.001 27.3+x5 39+13 18.6x1.7
3:0.5:2 4) 0.746 £ 0.001 21.9+4 44+ 9 221+2.4
3:0.8:2 (5) 0.745+0.02 21.9+4 44+ 9 28.2+ 3.7
3:1:2 (6) 0.737 £0.001 21.9+4 39+10 439188

Thed-spacingd, of the LDH was calculated using the XRD data shawSupplementaryig. 2a and

t he Br agg(ss il m wd)(. | n addil wase calculatethfer theDidandal | i t e
MMO using SchelkaKeey(Bso ® quU@d)t ) oan dn Supplementaajtiga?a s h o wn
andFig. 2b, respectively.



Supplementary Table S3.

The composition oEDH precursors and derived mixed metal oxigeeparedvith 1 M NaOH + 1 M
NaCOs at a pH of 9.5 calculated from XRF and ICP resiftsst of thevariations are within eange
of 5% measurement error

LDH MMO
ICP results XRF XRF

Sample Theoretical (wt%)

Cu: Mg: Al CuO MgO AlI203 CuO MgO AI203 NaO CuO MgO AlI203 NaO CuO MgO Al203 Nax0

3:0:2 7006 0.00 29.94 69.53 0.00 2755 291 64.89 0.17 32.75 218 61.84 0.18 34.69 3.29
3:0.1:2 69.24 1.17 29.59 68.96 0.78 27.92 233 62.83 1.03 3440 174 62.68 1.04 32.36 3.92
3:0.2:2 68.44 231 29.24 70.66 1.15 2586 234 64.09 195 31.73 223 6942 1.33 2794 131
3:05:2 66.15 559 28.26 70.44 3.20 2553 0.83 67.27 3.45 28.73 0.56 66.65 3.66 29.03 0.66
3:0.8:2 64.01 8.65 27.35 69.03 5.21 2540 0.36 61.48 6.40 31.88 0.24 65.93 5.73 28.05 0.30
3:1.0:2 62.65 10.58 26.77 66.06 8.55 25.31 0.07 60.93 9.20 29.86 0.00 61.31 9.84 28.85 0.00
4:1.0:2 69.10 8.75 22.14 7192 6.94 21.15 0.00 63.45 8.70 27.85 0.01 59.23 10.14 30.63 0.00
5:1.0:2 73.65 7.46 18.88 77.75 4.39 17.86 0.00 7253 5.84 21.62 0.01 73.67 6.16 20.17 0.00




Supplementary Table $4.

The composition oEDH precursors and derived mixed metal oxigesparedvith 2 M NaOH at goH
of 9.5 calculated from XRF and ICP resulst of thevariations are within aange of 5%
measurement error

LDH MMO
ICP results XRF XRF

Sample  theoretical (wt%)

Cu: Mg: Al CuO MgO AI203 CuO MgO AlI203 Na2O CuO MgO Al203 NaxO CuO MgO Al203 Na0

3:0:2 70.06 0.00 29.94 74.85 0.00 2515 0.00 70.02 0.26 29.71 0.01 68.52 0.40 31.08 0.00
3:0.1:2 69.24 1.17 2959 76.16 0.00 23.84 0.00 6575 1.33 32.89 0.8 68.62 1.18 30.19 0.00
3:0.2:2 68.44 231 29.24 7292 1.98 2510 0.00 64.36 2.46 33.18 0.00 71.68 1.96 26.36 0.00
3:05:2 66.15 559 28.26 68.08 4.64 27.28 0.00 63.66 4.94 3140 0.00 62.18 565 32.18 0.00
3:0.8:2 64.01 8.65 27.35 67.01 7.02 2597 0.00 6574 6.84 27.42 000 57.53 9.52 32.95 0.00
3:1.0:2 62.65 1058 26.77 65.11 9.16 2573 0.00 64.39 8.75 26.86 0.00 58.29 11.04 30.68 0.00
4:1.0:2 69.10 8.75 2214 71.07 7.72 2121 0.00 62.77 9.69 27.54 0.00 51.37 1356 35.08 0.00
5:1.0: 2 73.65 7.46 18.88 75.56 6.49 17.94 0.00 70.56 7.44 22.00 0.00 71.77 7.64 20.59 0.00




(A)

=

(h) (h)

Transmittance (%)
Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm’)

Supplementary Fig. S3. FTIR spectra of LDH precursors. (A) NaOH precipitation agent an@)
mixture of NaOH and N&Ogs, with varying molar composition&) Cu:Mg:Al=3: 0 : 2,(b) Cu:Mg:Al
=3:0.1:2,(c)CuMg:Al=3:0.2:2,(d) Cu:Mg:Al =3 :0.5: 2(e) Cu:Mg:Al =3 : 0.8 : 2(f)
Cu:Mg:Al=3:1: 2. All samples were prepared at a consfadhof 9.5.The peak at 1352 chassociated

with COs? is weaker for the precursors prepared with NaOH than for those prepared using NaOH +
Na:COs. Although NaCOs was not used as a precipitant fa),(CQs> has an extremely high affinity to

the LDH and is incorporated into the interlayer of the LDH due @a i@gress during precipitation.
Despite the incorporation of some €0nto the interlayer, the absence of the shoulder at 630 cm
demonstrates the quantity of €Qn the interlayer is lower than in the samples precipitated with NaOH

+ NaCOQ:s. Interlayer NG5 peaks at 1381 crand 1039 cm are observed in (A) and the absence of
these peaks in (B) demonstrate the interlayer anions of the LDH synthesised using NaOH are a mixture
of NOs and CQ?, whereas the interlayers anions for the LDH preparatyusaOH + NaCO:z are
primarily CQs?.

Fouriertransform infrared spectroscopy (FTIR) was performed using the KBr pellet technique. The
broad absorption band at about 3357'dmassigned to the asymmetrical and symmetrical stretching
vibrations modes oOH groups in the layers and the interlayer water molecules. A relatively weak
absorption band at 1633cnis assigned to the interlayer water deformation bending. The sharp band at
1352 cmt and the small shoulder at 630 ¢nvere assigned to the GDanion. The peaks at 1381 ém

and 1039 cm are NQ" anions in the interlayer. The series of peaks in the range e#@D@m' are
related to the OM and Q Mi O vibrational modes (M = Al, Cu, Mg).
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Supplementary Fig. $4. The phase composition as a fugtion of the calcination temperature.(A)
CuAl-LDH (Cu:Al=3:2), with precipitation agent ofid NaOH, (B) CUMgAILDH (Cu:Mg:Al = 3:1:2)
with precipitation agent of 1 NaOH, (C) CuAlLDH (Cu:Al=3:2) with precipitation agent of 1M
NaOH + 1M NaCGs; (D) (Cu:Mg:Al = 3:1:2) with precipitation agent of 1M NaOH + 1M 4¢&s.
CuO: JCPDS 80268. CuAtOs: JCPDS 762295. MgAbO4: JCPDS 731959.CusAl 2(OH)16CO3-4H20:
JCPDS 370630.The treatment temperatures were the following: (a) room temperature, (b) 400 °C, 3 h
(c) 600 °C, 3 h (d) 800 °C, 3 h (e) 950 °C, 3 h. LDH precursors were calcined for 3 hours at varying
temperatures (as specified in the caption), cooled to-teamperature using an air flow of 1 | rifimt
SATP and analysed by XRDhe LDH precursors syhésised using NaOH @ have a lower thermal
stability than the precursors synthesised using NaOH an@®gc-d), due to the formation of
crystalline CuO at lower temperatures. For CuAl LDH prepared by precipitation reagent of NaOH and
NaxCOs (c), the brmation of CuAiO4 was limited by the presence of sodkaontaining species.



Mechanismof inhibiting Na-containing speciesn LDH precursors by the presence of Mgspecies
We believe that thiormationof dawsoniteNaAICO3(OH)z, plays an important role fiormation ofNa-
contaning species in the LDH precursors and derived mixed metal oXidéise following we present
and discuss the results of thermodynamic calculations as evidence of this relationship.

The thermodynamic calilations have been carried out using SPANA (formerly MEDUSA)hich is
based on the procedures developedakolowicz et at’ and Erikssor®,

In thepH values range used during-peecipitation in this worki(e. pH 9.5'11.0), the overall reaction
for dawsonite formation is shown in eqi)with its intermediates typically forming according to the
reactions reactions eq.(2q.(4).

LT A (#1 ¢( /! o P .AWHI | ( (1)
T of (P U (2)
¢. Al (¢! 11 (P c. AlTI( (3)
DAV # c( P . AMH | ( c( / (4)

Next, we have used SPANXto compare theredicted thermodynamic equilibrium in the presence and
absence of Mg i ons. A thorough screening of t
DATABASE (formerly HYDRA) yielded that some relevant compounds, such as dawsonite and
bimetallic hydrot&ite-like compounds, are not included in this standard database. We have thus added
these compounds using values for the critical stability cons{efitiom the literature, as listed in

Table &.

Supplementary Table S.
Values for the equilibrium constar(ts) and structures for the compounds added to the dataset used for
the thermodynamic calculations with SPANA.

Formula Name Log kr,298K° Reference (Database
Mg2COs(OH)2-3Hz0 Artinite 19.66 19.20(EQ3/EQH)
NaAICOz(OH)2 Dawsonite 4.35 19.20(EQ3/EQ6)
Mgs(COs)4(OH)2-4H20 Hydromagnesite 32.55 20.21(MINTEQA?2)
MgasAl2(OH)14t3H20 OH-Hydrotalcite -56.02 2224

MgaAl2 (OH)143H20 OH-Hydrotalcite -49.70 22,2426

Mg4Al 2(OH)12(COs)t 2H20 COs-hydrotalcite -51.14 22,23, 27

The results of the thermodynamic calculatans i ng SPANAOGs standard dat
dawsonie andMgaAl2(OH)12(COs)t2 H20 with data from Table S5n the presence and absence of Mg
are presented in Figure®s and $B, respectively.
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Supplementary Fig. 5. Plots of equilibrium compositions (A) in the absence and (B) presence of
Mg ions as a function of thepH value. The plots were generated with SPANA (formerly MEDUSA)
using data from DATABASE (formerly HYDRAY as well as literature values for the compounds listed
in Table $. The following ion concentratis were used: (A). A =11 =#/ =1 M and(B):

A =-C =11 =#/ =1M.

Figure S5A shows formation of dawsonite over a wiold value range. However, when the calculation
was repeated with Mg ions being presahditionally, as shown in Figur83B, the predicted equilibrium
molar fraction ofdawsonitas significantly reduced at an intermedipte (e.g.in thepH valuerange 7

9). Instead, MgC®&and Al(OH} formation is favoured. These species are likely to function as precursors
for MgAI-LDH formation €.f. egs.(#11)). Above apH value of 8.2 MgAI-LDH (e.g. MgAI

11



hydrotalcite) is predicted to forinthough a high malr equilibrium fraction (logoncentratiors -1) is

only predicted to occur at a pH value of > ca. 8lhough this equilibrium calculation does not directly
show that formation of dawsonite is thermodynamically limited, it is likely that an interptexe&e a
thermodynamic suppression of dawsonite formation (and formation of its precursors) and faster kinetics
of the formation of intermediate species required forAMyydrotalcite formation and their combination

to the hydrotalcite are leading to thhibition of dawsonite formationn experimental conditions, we

used a mixture of NaOH and pGOs, which may be more favourable for the formation of MdgAIH
structures instead of Nal dawsonite.

The hydrotalcite formation is possibigéa an ion exchage reaction with the A !/1( , e.g.produced
according taeq.(3), according to the reactions shown in eq(8%)

DAV - C o V- AT (cf 7)
¢. AlI( T-C pa/ -CLil( o(/! ¢. Al (y( (8)

Since hydrated sodium aluminate @dso dissociate, a twstep reaction during which the dissociated
aluminium hydroxide reacts with an Mgn is also a possible pathway:

¢. A1/ ( o¢. Al (¢! ( 9)
A O S G AL I ey (o G (10)
¢!/ ( 1-C pd /O-GI/l(p0(d W (11)

In these reactions, Mgpeciesare likely toeffectively scavengearbonate groups amsl from either
dawsonite or from the mix of ions required for dawsonite formation. In a final stage, the positively
charged AIMg hydroxideforms twedimensional layers while intercalating carbonate groups according
to the reaction such as eq.(12) as predicted by SPANA:

-GV (0 o # ¢ ( (12)
O -Gl 1/ ( #l ¢ o(/

Following the formation of the C£&Mg-Al layered double hydroxide, all Aemains soluble as A and

. A # [(c.f. Figure S5B). During the repeated Bater washing of the precursor which is part of the
synthesis procedure of this work, these solublepicies separate from the solids arelremoved with
the supernatant, thus explaining the inhibition of Na contamination in the tertishyATtL DH system.

In a binary CuAILDH system, such as the one investigated by Song et al!,20&3absence of Mg

allowed dawsonite to form. Ehprecipitation of dawsonit@ the solid phase prevents removal of the
dawsonite (or any Na from thpgecipitated dawsonite) during the subsequent DI washing procedure and
the sodium remains as a contaminant in the calcined material.

The inhibiting effect of Mg on dawsonite formation has also been observed in natural subsurface
dawsonite reservoirs. THeat t er appear -pooonékgviexos mé&intad i Mgo
experiments the$? reproduced potential dawsonite formation cowditi and have likewise observed an
inverse relationship between [Mg] and the formation of dawsonite.
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Thermodynamic calculations to elucidate the inhibiting effect of Mg on active phassupport
interactions

To demonstrate the inhibiting effect of Mg ortiae phasésupport interaction, we have carried out
thermodynamic calculations with FactSage for the calcined system in the presence and abseRte of Mg.
This has been done for 600 °C and 1000 °C (and temperatdbeswaen) to cover a wide range of
potential temperatures for CLC. Furthermore, the equilibrium composition has been plotted as a function
of the oxygen concentration, since the mechanismstiveaphasesupport interaction for the GAl-O

system (which is prone to these interactions) does not become apparent in the fully oxidised state (Figure
S6A and $B with xin Cu + 2 Al +x Oz = 2.0. Here, CuO and #Ds are thermodynamically stable.
Thesetwo species are also stable in the fully reduced statel (5). However, at intermediate oxidation
states or upon £removal during thermal decomposition of CuO, a mixture of CuMDOs and Cu or

CuO is thermodynamically stable. This allows for tidanourable CtAl oxide formation, which has

been observed in the literature (as discussed in the main article).

(A) 12 (B) 1.
a Cu+2Al+x0,at 600°C | _ |Cu+2 Al +x0,at 1000 °C
T 1.0 | S 1.0 -
£ £
= AL CuAlo, = AL CuAlO,
S 08 - CuAlL0, S 08 A CuAl,O,
5 5
2 a
£ 0.6 A E 0.6 -
Q Q
o Q
£ E
3 0.4 1 cu 32 04 1 u
S ]
= o = o
S 0.2 A 2 3 0.2 - 2
g hy S hy
0.0 T T T T 1 T T 0.0 T T T T 1 T T
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Supplementary Fig. $6. Plots of the thermodynamic equilibrium composition as a function of the
oxygen concentration using ddtam FactSageand expanded with CuADs using Gibbs free energy
data forthe systems (A, B) GAI-O and (C, D) CtAl-Mg-O, and thegemperatures (A, C) 600 °C and
(B, D) 1000 °C.

For the trimetalliesystem CeAl-Mg-O (Fig. S6C and S6D), interactions between the active phase and
the supporting phase are thermodynaaitycnot favourable in the temperature rangei@@®O0 °C and
oxygen cocentrations in the range occurring between full reduction and oxidation, as shown in Figure
S6C and S6B3°
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SupplementaryFig. S7. SEM images of LDH precursors synthesised gitH 9.5 using 1 M NaOH +

1 M NaxCO3 and calcined mixed metal oxide$MMO) . (a-b) Cu:Mg:Al=3:0: 2, (&) Cu:Mg:Al
=3:0.1:2,(ef) CuuMg:Al=3:0.2:2, (h) CuuMg:Al=3:0.5: 2, (j) CuuMg:Al=3:0.8: 2, (k

) CuuMg:Al=3:1:2. (mn) CuuMg:Al=4:1:2. () Cu:Mg:Al =5 : 1 : 2With increasing Mg

content, a decrease in the mean size of the LDH platelets and narrowing of the size distribution of LDH
platelets is observedeg., theplatelets become more uniform with increasing Mg content. Accordingly,
the surface of the calcined samples becomes more uniform with increasing Mg content.

14



b, d, HR-TEM images of CuMgAIMMO. The CuMgAFMMO sample was prepared by heating up the
CuMgAI-LDH (Cu:Mg:Al = 3:1:2) to 800°C and immediately cooled down to room temperature. The
LDH precursor was precipitated with an aqueous solution containing 1M NaOH and 20@Nd&he
HR-TEM analyses confirmed the high dispersion of fine CuO particles (<10 nm) in the support owing to
the high degree of dispersion in the CuMdA&IH precursor, with inhibited crystallization of CuO at
high calcination temperature.

15



LDH Cu:Mg:Al= 3:0:2 - 5 < - Mg:Al= 3:0: i : i :2-‘ |

Supplemenary Fig. S9. SEM images of LDH precursorsand calcined mixed metal oxides prepared

using 2V NaOH as precipitation agent.(a-b) Cu:Mg:Al=3:0: 2, (ed) Cu:Mg:Al=3:0.1:2 (e

f) Cu:Mg:Al=3:0.2: 2,(g-h) Cu:Mg:Al =3 :0.5: 2(i-}) Cu:Mg:Al=3:0.8: 2(k-I) Cu:Mg:Al =3

: 1 : 2. For the precursors-poecipitated with NaOH, all SEM images reveal a closely packed structure
regardless of Mg content. Gwecipitation using 2 M NaOH as the precipitation agent leads to rapid
nucleation and Mer growth of the formed nuclei due to the much higher supersaturation. During
calcination the closely packed nanoparticles experience a high degree of sintering due to their proximity
and size and formation of large grains.
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SupplementaryFig. S10. Characterization of CuAl mixed metal oxides derived from CuAILDH
without residual sodium. (A) HAADF-STEM image ofCuAl-MMO calcined at 950°C. (B) EDX
mapping showing the distribution of Cu (Red), Al (Green), and O (Blue), and overlay map of Cu and
Al. The CuAILDH sample was prepared by precipitation with an aqueous solution containing 2M

NaOH.
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Supplementary Fig. S11. Characterization of CuMgAI-LDH precursor and calcined mixed metal
oxides. (A) STEM image of CuMgAILLDH precursor.(B) STEM image andC) HRTEM image of
CuMgAIl mixed metal oxides calcined at 800f&@ 3 h (Cu:Mg:Al = 3:1:2).(D) HAADF-STEM, (E)
BF-STEM and(F) STEM images o€uMgAI-MMO calcined at 950C. (G) EDX mapping showing the
distribution of Cu (Red), Al (Green), #(Yellow), and O (Blug)and(H) overlay of CuandAl. The
CuMgAI-LDH sample was prepared by precipitation with an aqueous solution cont2ihiiNgOH.
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SupplementaryFig. S12. Characterization of sodium-stabilized CuAl mixed metal oxidesderived
from CuAl-LDH. (A) HAADF-STEM, (B) BF-STEM and(C) STEM images oCuAl-MMO calcined

at 950°C.(D) EDX mapping showing the distribution of Cu (Red), Al (Green), Na (Yellow), and O
(Blue), and(E) overlay map of Cu and Al. The CuUADH sample was @pared by gecipitaton with

an aqueous solution containihilyl NaOHand 1MNaCOs.
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SupplementaryFig. S13. Characterization of Cu-Mg-Al LDH precursor and calcined mixed metal
oxides.(A) STEM image of CuMgAILDH precursor (B) STEM image and (C) HRTEM image of
CuMgAl mixed metal oxidesalcined at 80TC for 3 h(Cu:Mg:Al = 3:1:2).(D) HAADF-STEM, (E)
BF-STEM and (F) STEM images of CuMgMMO calcined at 950C. (G) EDX mapping showing the
distribution of Cu(Red) Al (Green), Mg (Yellow), and O(Blue). The CuMgAILDH sample was
prepared by gecipitaion with an aqueous solution containiblyl NaOHand 1MNaCOs.
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Supplementary Fig. S14 BET surface areas of the precursors and calcined oxygemarriers for
varying molar concentrations of Mg.LDH prepared by precipitation using 1M NaOH and 1MGlas
are relatively more porous compared to those prepared by precipitation in 2M NaOH.

SupplementaryTable 6.

BET surface area measurements forpghexursors and calcined samples prepared with NaOH or NaOH
+ NaCOs for different [Mg]loading.

BET surface area (ffg)

Mg/(Cu +Al) 1M NaOH + 1M NaCOs 2M NaOH
LDH MMO LDH MMO
0 30 9 52 2
0.02 37 11 60 3
0.04 32 17 30 2
0.10 42 18 15 4
0.16 37 17 7 5
0.20 47 9 11 3
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SupplementaryFig. S15. Characterization of CuMgAIl LDH precursor and derived mixed oxides.

(a) XRD patterns of CuMgALDH precursor and (b) derived mixed metal oxi@agMgAl-MMO-HS.
Cu:Mg:Al molar ratio is 3:1:2, precipitation aH of 11 with precipitation agent of 1M NaOH + 1M
NaCOs. (c) SEM image of LDH precursor; (d) SEM image of calcined mixed oxidgsTHe N
adsorptiondesorption isotherms anf) pore size distributions for t@uMgAI-LDH precursor material.

The two isotherms are very similar and follow a Type IV hysteresis loop, characteristic of the N
physisorption between aggregates of platelet particles pbre size distribution narrows and shifts to a
lower average pore diameter with an increase in pH value. The initial potosity0(74) of the oxygen
carrier was calculated by combining He pycnometry &hetrcury intrusion porosimetry (MIP)
Generaly, there is an inverse correlation between the porosity and crushing strength of a particle,
therefore to achieve a high crushing strength, a lower porosity was targeted. An increase in synthesis pH
from 9.5 to 1lenhancedhe crushing strengtbf calcinedmixed metal oxides particles
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SupplementaryFig. S16. A schematic of the TGA used to study theedox reactions andlong-term

chemical stability of the oxygen carriersreproduced from Patzschké®. Thermogravimetric analysis

was carried out using a TA Instruments Q5000 analyser. The TGA software (TA Instruments) controlled
the furnace temperature, and sample and balance gas flow rates. The sample weight was measured an
recorded by the software every 0.5 s. The atmosphere in the furnace can be controlled by an external
programme written in Agilent VEE software, and an exegas supply system consisting of three
external mass flow controllers (Bronkhurst)
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Supplementary Fig. SI7. A schematic of the fluidised bed reactor used to study the lortgrm
performance of the oxygernsorbentsreproduced from our previous work 3°. A 1.5 kW benckop

fluidised bed reactor (FBR) was used to assess thetéwngperformance of the oxygen carriers. The
fluidised bed reactor is a spouting bed type reactor. The gas supply system is controlled by four mass
flow controllers (MFC}as well as two solenoid valves (used for rapid gas switching). An Agilent VEE
code was used to control gas compositions and rptage durations for the oxidation and
decomposition phases.
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Supplementary Fig. S18. TGA profiles of long-term redox cycling of CUAI-MMO and CuMgAl -

MMO. (ab) Cyclic O release and storage at 900°C for 100 cycles, phase change between CuO and
CwO. (a) CuAI-MMO, (b) CuMgAI-MMO. The decomposition was carried out underfdf 5 min,
followed by reoxidation in air for 3 min.gd) Cyclic reduction and oxidation, phase change between
CuO and Cu(c) CuAFMMO, (d) CuMgAI-MMO. The oxygersorbentsvere reduced for 7 min in 5

vol% CO balanced with N This phase was followed by a 1 min purge. The samples were then re
oxidised for 1 min in air. After a further 1 min in pure, khe fourphase sequence was repeaadAl-

MMO was calcined from CuALDH (molar ratio 3:2) prepared by 2M NaOBuMgAI-MMO was
calcined from CuMgAILDH (molar ratio & 3:1:2) prepared by coprecipitation with 1M NaOH+1M
NaeCQs.
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SupplementaryFig. S19. XRD patterns of reduced mixed metal oxides. (AXRD patterns of mixed
metal oxides after £xelease at 900°C inIN(B) XRD patterns of reduced MMO at 900°C, ivél. %
COin N (a) Cu: Al = 3: 2 (1M NaOH+1M N2CGOg); (b) Cu: Mg: Al = 3: 1: 1M NaOH+1M NaCOg);
(c) Cu: Al = 3: 2 (2M NaOH){d) Cu: Mg: Al = 3: 1: 2 (2M NaOH). The results show tRatAl-MMO
with sodium stabilization (sample a) can be fully reduced to2Ouand Cu, respectively, without
formation of CuAtO4. CUAI-MMO without sodiumstabilization(sample c) form a significant amount
of CuAl204, which leads to slow kinetics and low oxygen storage capacity. In contuddgAT-MMO
with MgAI204 stabilization (Sample b and d) can be reduced t@@tith minimum amount of CuADa.
The fully reduced sample (CuO to Cu) shows the presence ofgAl
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SupplementaryFig. 20. XRD patterns of mixed metal oxides recovered after 100 redexycles in
the TGA at 900°C. (A CLOU cycling with decomposition underldnd oxidation under ai(B) CLC
cycling with 5 vol% CO/N for the reduction and oxidation under air. The samples infidoth arei(a)
Cu:Mg:Al=3:0:2(NaOH + N&Gs), (b) Cu: Mg : Al=3:1:2 (NaOH + N&Os), (c) Cu : Mg
:Al=3:0:2 (NaOH), andd) Cu : Mg : Al =3 :1: 2 (NaOH). The XRD plots below indicate the
crystalline phases of the oxygen carrrexsovered after redesycling in the TGA over 100 redesycles,
on thetop at conditions relevant for the CLOU process, onlbitomat CLC conditionsNa-stabilized
CuAl-MMO (sample a) did not show formation of Cu@®k or CuAIO, during redox cycles. CUAIMO
without sodium promotion (sample c) form a significant amount of &wdnd CuAlQ, which leads
to slow kinetics and low oxygen storage capacity. CuMgIMO with MgAl 204 stabilization (Sample
b and d) did not form CuAl©
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CLOU Reaction Mechanism of CUAIMMO

The thermodynamics of the €AI-O systemwas studiedo improve the understanding of the oxygen
storage and release reactiamigshe CUAIMMO. A phase diagram was produced using the Gibbs free
energy data reported Bamb & Alcock®. FromSupplementaryig. S21, calcination of the 1:1 Cu:Al
LDH precusor in air at 950C producesnixed metal oxides witlCuO supported on copper aluminate
spinel (CuAOa), as confirmed by powder XRD analysis (Fig.5e, fresh material). During redox cycling
at 900 °C the oxygen partial pressure is sufficiently lovitieractive cupric oxide (CuO) to decompose
to cuprous oxide (CD) and oxygen through reactioh3},

t#0d c®HI | (13)

The CuO could also react with CuBk to form a delafossitéype material (CuAl@) and oxygen through
reaction (4), o N o
¢t O/l ¢# Tt #Q! 1/ (19

The CuAbkO4 could also react to form CuAl@nd alumina (AIO3) and oxygen through reactiohy),
wOlizc#Ql 1 1 [ (15)

Althoughall three reactions are thermodynamically feasible, the absence of £nAl@ XRD pattern

of the Q released sample (Fig. 5e) and appearance in the cycled material (Fig. 5e) indicates reaction (2)
was kinetically limited, as observed literaturé?. The CuAlQ peak in the cycled material confirms

some of the active CuO was not regenerated durkuxidation, representing a loss in @gn storage
capacity over 100 cycles adservedn Fig. 5¢c. The oxidation of CuAlfXreverse reactionld)) is

limited by kinetics and not thermodynamics, and therefore the active CuO may be recovered if the
segment time was increased, however this wa@derely impact the operation and economics of
commercial chemical looping units. The absence aOAfrom all XRD patterns (Fig. 5e) indicates
reaction {5) did not proceed at an appreciable rate.

1100 @ 2.9,0)

1000 4 Cu + AlLO,
o @ 4CuAlO, = 2Cu + 2A1,0; + O,
2 g00. A | @ 4CuALO, = 2CuAlO, +2AL,0; + O,
g OXidi_l[iO“ @ 2CuAl, O, + 2Cu0 = 4CuAlO, + O,
;‘:' w00, CuAlD; A0 @ 4cu0 = 200,0+ 0,
R

CuALO,
7001 FCuO
-10 -8 6 -4 -2 0

-log(poz)
SupplementaryFig. S21. Cu-Al-O system quilibrium phaediagram for al:1 molar mixture of CuO
and AkOsz based on data reported by Ja&oBlcock®L. Theredoxcycling conditions used in this work
(Fig. 5 and 6, Supplementary Fig§18) are demarcated by the CLOU and oxidation regions.
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SupplementaryFigure S22. In situ high temperature XRD analyss. (a-b) XRD patterns oCuMgAl-
MMO with decompositiomn N2z (a) and oxidationn air (b). Samplederived from CuMgAILDH (molar
ratio is 3:1:2) with precipitation agent of 1M NaOH + 1M2N&:. (c-d) XRD patterns of CUAMMO,
with decomposition in Bi(c) and oxidation in aird). As observed from the XRD patterns, the CuMgAl
MMO shows reversible phase changes. GO shows the famation of CuAtOs, which will slowly
transform to CuAlQ@in redox cycles as shown in Figure 5 in the main paper.
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3Cu:0Mg:2 Al (NaOH+N

SupplementaryFig. S23. SEM images of samplesecovered after 100 CLOU cycles in the TGA at
900°C using N and air for the decomposition and oxidation, respectively(a-c) CuUAI-MMO (3:2)
prepared with 2M NaOHd-f) CuMgAI-MMO (3:1:2) prepared with 2M NaOHg-i) CuAI-MMO(3:2)
prepared with 1M NaOH + 1M N&Os; (j, k) CuMgAI-MMO (3:1:2) prepared with 1INNaOH + 1M
Na&COs; The needldike features observed in (h) were determined éaibh in Na by SEMEDS
(potentially NaAl-O oxides). Contrary to the sample showiign), no needldike features were found
in the sample shown i), k), which matches witlthe results from XRF and ICP (that no sodium had
contaminated the calcin€uMgAI-MMO sample).
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Supplementary Fig. S24. SEM images of samplesecovered from TGA experiments with full
reduction under CO/N2 and oxidation in air after 100redox-cycles at 900C: (a-c) CuAI-MMO(3:2)
prepared with 2M NaOHd-f) CuMgAI-MMO (3:1:2) prepared with 2M NaOHg-i) CuAI-MMO(3:2)
prepared with 1M NaOH + 1M N&Os; (j-I) CuMgAI-MMO (3:1:2) prepared with 1M NaOH + 1M
NaCOs; In general, large grains wererfileed due to sintering, while nanoplatdige morphology can
be observed locally for samples derived from LDH precursors.
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SupplementaryFig. S25. Oxygen profiles for the oxygen release and oxidation reactions at 90Q
(a, b) CuUAI-MMO, (c, d) CuMgAI-MMO-LS (PC),(e, f) CuMgAI-MMO-HS (PC),(g, h), andCuMgAl-
MMO-HS (FC), respectively. Where PC is partial cycling (100 cycles of partial decomposition and
oxidation with full cycles every 20 cycles), and FC is full cycling (100 cycles of full deasitigm and
oxidation). u/vi= 5. Here we show the oxygen release and oxidation oxygen concentration profiles for
the longterm cycling experiments in the FBR. It can be seen thaltiAd-MMO releases only 70% of
the theoretical oxygen, indicating extrerattrition after 10 cycles in the FBR. TBeMgAI-MMO-LS
profiles clearly show continual attrition over 100 cycles of partial cycling, where&utigAl-MMO-
HS profiles become stable. A similar behaviour can be seen fo€CuhgAl-MMO-HS during full
cycling operation in the FBR.
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Supplementary Fig. 6. TGA profiles of long-term redox cycling of CuMgAI-MMO -HS. (a)
Cyclic Oz release and storage at 900°C for 500 cycles, phase change between CugDar(ll) Ch
release capacity over 500 cycles afr€lease.
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