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1 Experimental Section

1.1 Materials

Gamma alumina (y-AlxO3) was purchased from US Research Nanomaterials. Disodium
ethylenediaminetetraacetate dihydrate (EDTA-Nay2H>0), cerium(Ill) nitrate hexahydrate
(Ce(NO3)3:6H,0), copper(Il) nitrate trihydrate (Cu(NO3)>:3H>0), ammonia solution (NH4OH), and
sodium hydroxide (NaOH) were purchased from Sigma-Aldrich. All reagents were used as received
without further purification.

1.2 Synthesis of Cu-Ce/y-Al;O3; and Cu/y-AlLOs.

Prior to depositing the metal precursor species, the y-AlbO3 powders were pretreated by
immersion in a 0.1M ammonia solution to enhance the adsorption of atomically dispersed metal
species.! A strong electrostatic adsorption (SEA) assisted deposition method was used for
dispersing Ce and Cu precursor species onto high-area y-Al,03.23 For deposition of Ce species,
the precursor solution was prepared by dissolving 1.06 g of EDTA"Na; and 1.24 g Ce(NO3)3-6H,0
in 150 mL of deionized water and tuning the solution pH to ~5 using 1M NaOH with stirring. In
parallel, 1 g of pretreated y-Al,O3; powders were dispersed into the 50 mL of deionized water via
ultrasonication. The prepared salt precursor solution was then added, dropwise, to the y-Al,O3
solution under vigorous stirring for an hour. The resulting solution mixture was subjected to
centrifugation, with subsequent washing three times with deionized water. The resultant product
was then dried overnight at 60 °C under vacuum and finally calcined at 300 °C in air for 3 hours,
yielding Ce/y-ALOs.

The deposition of Cu species onto the above as-prepared Ce/y-Al,O3 followed a similar
procedure of preparing the Ce/y-Al>O3: dissolving 0.29 g EDTANa; and 0.19 g Cu(NO3)2:3H»0 in
150 mL of deionized water to prepare the precursor solution. Then, 1g of Ce/y-Al,O3 powder was
dispersed into 50 mL of deionized water via ultrasonication, followed by dropwise addition of the
precursor for an hour under vigorous stirring. The resultant solution was filtered, washed, and
calcined. The final product was denoted as Cu-Ce/y-Al,O3. The deposition of Cu onto y-Al,O3
followed the same procedure as that of preparing Cu onto Ce/y-Al,Os. The final powder product
was denoted as Cu/y-ALOs. A reference Cu-Ce/y-AlbOsz-ammonia sample was prepared using the

same precursors and conditions as for Cu-Ce/y-Al,O3 except replacing NaOH by ammonia solution.



A series of xCu-Ce/y-Al,O3 (where x denotes the wt% Cu loading) with a fixed amount Ce
loading were synthesized via the SEA method. Table S1 displays the synthesized catalysts and their

corresponding nominal and actual (determined by ICP-MS) Cu loadings.



1.3 Catalyst Characterization
The loading amount of metal (Cu, Ce) in the Cu-Ce/y-Al,O3 and Cu/y-Al,Oj3 catalysts was

determined by Thermo Scientific Quadrupole inductively coupled plasma mass spectrometry (ICP-
MS). Powder X-ray diffraction (XRD) patterns were recorded on a Malvern PANalytical Aeris X-
ray diffractometer using Cu Ka radiation (40 kV and 15 mA) with a step size of 0.01°. Backscattered
electron (BSE) images were obtained on the JEOL JXA-8530F electron microprobe for examining
the presence and distribution of large particles of heavy elements in the catalysts.* The samples were
prepared via a multistep grind/polish method to acquire representative information.> Aberration-
corrected scanning transmission electron microscopy (STEM) imaging was performed on a JEM-
ARM200F to examine the configuration and spatial distribution of Ce and Cu species. X-ray
photoelectron spectroscopy (XPS) data was collected on an Axis Supra+ (Kratos Analytical)
analyzer, using a monochromated Al Ka X-ray source (=1486.6 eV). The binding energies (BEs)
were calibrated using the C1s peak at 284.6 eV as a reference. Prior to collecting the XPS data, the
catalyst powders were treated in 5% Ha/He with a flow rate of 10 ml/min at 300 °C for 1 hour and
sealed in a reactor vessel to transfer to a nitrogen-filled glovebox for sample preparation. In situ
diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded using an iS50 FT-IR
spectrometer with a mercury-cadmium-telluride (MCT) detector and a Praying Mantis™ high-
temperature reaction chamber with zinc selenide windows. For all spectra, 32 scans with a resolution
of 4 cm™! were recorded at 25 °C. Before CO adsorption, each catalyst was reduced under 5% H>
balanced with N, for 1 h at 300 °C and subsequently cooled down to 25 °C and pretreated with Ar
for 20 min. The background was then recorded, followed by CO adsorption using 5% CO/Ar for 20
minutes until saturation. Subsequently, the sample was flushed with Ar to purge gas-phase CO from
the environmental cell and the weakly adsorbed CO on the catalyst, the IR spectra were recorded
continuously until the signal intensity was no longer decreased. All gases and gas mixtures were

introduced at 10 mL/min at ambient pressure.



1.4 Catalytic Performance Evaluation

The WGSR was evaluated in a fixed-bed plug-flow reactor at atmospheric pressure. Typically, 50
mg of catalyst powders—packed between two quartz wool plugs inside a quartz tube (inner diameter
of 4 mm)—were used for WGSR. Prior to each test, the catalyst powders were treated in 5% Hy/He
with a flow rate of 10 ml/min at 300 °C for 1 hour. The WGSR feed gas contains 1% CO, 10% H,O
and He balance; the flow rate of the gas mixture was controlled to be 62 ml-min’!, yielding a space
velocity (SV) of 74,400 ml-g"!-h™!. The temperature of the catalyst bed was then raised to the desired
reaction temperature with a ramping rate of 2 °C-min’!. The concentrations of CO in the outlet
stream were measured by an online gas chromatograph (Agilent 7890A) equipped with a thermal

conductivity detector. The CO conversion (Xco) and specific activity (1) is calculated by:

CO)in — [CO]oy
XCO(%)z[ ][CO][-n Jout 100

r = Xco X [CO)ip X SV
where the subscript “in” and “out” indicate the concentration of the inlet and outlet CO gaseous
stream. The unit for 7 is in [umol ge' s7']. CO conversion datapoints recorded at the conversion
less than 20% will be used to calculate the activation energy. The temperature dependent reaction
rate constant of chemical reactions can be interpreted corresponding to Arrhenius equation:
k = Ae Fa/RT
Where £ is the rate constant, 4 is the pre-exponential factor (constant for each chemical reaction),
E, is the activation energy, R is the gas constant, and T is the absolute temperature. For a reaction
between X and Y (mX+ nY — products) in a small temperature range, the reaction rate can be

expressed as:

Then,

In(r) = Ea+ In[x] + n In[Y] + Ind = E“+C
n\r)= RT min|x nin nA = RT

Where C is a constant.

By plotting In(r) vs 1000/T (K"), the value of E, can be obtained as -slopex8.314 (kJ mol™).



2. Supplementary Figures
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Figure S1. XRD patterns of the y-Al,O3 support, as-prepared Cu/y-Al,O3 and Cu-Ce/y-Al,O3

samples. The XRD patterns of Cu/y-Al,O; and Cu-Ce/y-Al,O3 exhibit almost the same peaks
corresponding to y-AlLO; and 8-AlOs3.° The absence of recognizable characteristic peaks
characterizing Cu- and Ce-related phases suggests lack of crystalline particles, except the y-Al,O3,
in the Cu/y-Al,O3 and Cu-Ce/y-Al,O3 catalysts. Electron microscopy results corroborate this

conclusion.



Figure S2. (a) (b) BSE images of a y-Al,O3 supported ceria sample prepared via a precipitation
method reveal various sizes of large ceria particles/agglomerates. (c¢) (d) BSE images of the as-
prepared Cu-Ce/y-Al,O3 sample shows absence of Cu- or Ce-related particles/agglomerates.

Large ceria or copper oxide particles/agglomerates should be easily revealed with bright contrast in

BSE images (Fig. S2 (a, b)).*



Figure S3. (a, b) BSE images of Cu/y-Al,O3 show absence of large Cu-related particles.



Figure S4. Low magnification HAADF-STEM images (a, b) of the Cu/y-Al,O3 sample show

absence of particles/clusters of Cu phases. (¢) Atomic resolution HAADF-STEM image of the

selected area marked by the yellow box in (b) shows isolated Cu atoms.
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Figure S5. XPS wide-scan spectra over the Cu/y-Al,O3 and Cu-Ce/y-Al,O3 catalyst powders. The

spectra indicate the presence of Cu, O, C and Al in both Cu/y-Al,0O3 and Cu-Ce/y-Al,O3 samples

and Ce in the Cu-Ce/y-Al,O3; sample.
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Figure S6. XPS Cu LMM Auger spectra characterizing Cu/y-Al,O3 and Cu-Ce/y-Al,O3 samples

show the presence of Cu’ and Cu?* in both samples. No characteristic peak (~918.8 €V) of the Cu®

species was observed in both samples.”
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Figure S7. In-situ DRIFT spectra over (a) Cu-Ce/y-Al,O3, (b) Cu/y-AlbO3 and (¢) Ce/y-Al,O3. The
catalysts were first reduced by 5% H> at 300°C for 1h prior to CO adsorption, and then purged with
Ar and simultaneously the DRIFT signals were recorded at 25 °C. Only gas-phase CO bands are
present over the Ce/y-Al,O3 control catalyst, reflecting poor CO adsorption on atomically dispersed
Ce species. The predominant bands at 2090-2110 cm™! in the spectra over the Cu/y-Al,O3 and Cu-
Ce/y-ALOs catalysts can be assigned to the C-O stretching vibration peaks of Cu™-CO.% After 60
min of argon purging, the absorption bands over the Cu-Ce/y-Al,O3 showed higher intensity than
those over the Cu/y-Al,O3, suggesting higher amount of adsorbed CO on the Cu-Ce/y-Al>,O3 than
that on the Cu/y-Al,Os catalyst. The presence of the small shoulder peak at the lower frequency

(~2095 cm™') might be ascribed to CO adsorbed on Cu" sites with a less oxidized environment.’
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Figure S8. CO conversion rate as a function of WGSR temperature. Reaction condition: 1% CO +

10% H>0 and He balance, SV=74,400 ml g*! h-!.
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Figure S9. Plots of CO conversion rate vs. temperature for WGSR over the Cu-Ce/y-Al,O3
(synthesized by use of NaOH and DI water wash) and the Cu-Ce/y-Al,Os3-ammonia (synthesized
by use of ammonia) catalysts. The potential impact of Na ion residue in the Cu-Ce/y-Al,O3 catalyst
on the WGSR activity can be considered insignificant. Reaction condition: 1% CO +10% H>O+He

balance, SV=74,400 ml g’ h'l.
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Figure S10. WGSR reaction rate at 200 °C as a function of Cu loading level for xCu-Ce/y-Al,03

catalysts. Since the atomically dispersed Ce species do not provide appreciable activity, for low Cu

loading levels the experimentally obtained WGSR activity should be directly proportional to the total

amount of Cu loading.!® The nearly linear increases in the specific activity of the WGSR with the

total number of Cu atoms in the Cu-Ce/y-Al,Oj catalyst suggests that the Cu species were most likely

atomically dispersed or isolated from each other.
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Figure S11. HAADF-STEM images of the Cu/y-Al,O3 catalyst, after the WGSR stability test,

confirm absence of Cu clusters/particles.
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Figure S12. HAADF-STEM images of Cu-Ce/y-ALO3 samples after WGS stability test show

absence of metal clusters/particles and the presence of atomically dispersed Ce and Cu species.
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3. Supplementary Tables

Table S1. Catalyst name, nominal loading, and actual loading (determined by ICP-MS) for catalysts
prepared with different amount of Cu precursor on a 2.6 wt% Ce/y-Al,O3 support.

Nominal loading )
Catalyst name Actual loading (wt%)
(Wt%)
1.2Cu-Ce/y-Al,O3 5.0 1.2
0.94Cu-Ce/y-ALLO3 1.3 0.94
0.78Cu-Ce/y-ALL,O3 0.8 0.78
0.48Cu-Ce/y-AL,O3 0.5 0.48

Table S2. WGSR activity over our Cu-Ce/y-Al,O3 and Cu/y-Al,Os catalysts in comparison to those
copper-ceria catalysts reported in literature.

Sample name Cu wt% Specific activity™ Reference
(pmol gear 571

Cu-Ce/y-AlLO3 1.2 1.4 This work

Cu/y-AlLO3 1.4 0.16 This work
1.5CuCe-CP-L 1.5 0.37 [11]
8.2CuCe-CP 8.2 3.0 [11]
8 wt.% Cu—CeO> 8.0 0.11 [12]
Cuo.15Ce05505 15 12 [13]

Ce0,/Cu 83 10 [14]**

Cu-473 3.4 5.0 [15]

Cu-P 1.6 22 [16]***
Cu-C 1.5 1.2 [16]
Cu-R 1.6 0.8 [16]

*  Measured at 200 °C.
** Highest WGSR activity (if measured at 300 °C) among all Cu-based catalysts.
*#%* Atomically dispersed Cu on CeO; particles
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