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Embedding Reverse Electron Transfer Between Stably Bare
Cu Nanoparticles and Cation-Vacancy CuWO,
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Minli Zeng, Xuefeng Chu, Zuolong Chen, Carl Redshaw, Hua Zhou, Chengjun Sun,
Tom Regier, Graham King, James . Dynes, Bingsen Zhang, Yanqiu Zhu, Guangshe Li,

Yue Peng,* Nannan Wang,* and Yimin A. Wu*

Cu nanoparticles (NPs) have attracted widespread attention

in electronics, energy, and catalysis. However, conventionally synthesized

Cu NPs face some challenges such as surface passivation and agglomeration
in applications, which impairs their functionalities in the physicochemical
properties. Here, the issues above by engineering an embedded interface

of stably bare Cu NPs on the cation-vacancy CuWO,, support is addressed,
which induces the strong metal-support interactions and reverse electron
transfer. Various atomic-scale analyses directly demonstrate the unique
electronic structure of the embedded Cu NPs with negative charge and anion
oxygen protective layer, which mitigates the typical degradation pathways
such as oxidation in ambient air, high-temperature agglomeration, and

CO poisoning adsorption. Kinetics and in situ spectroscopic studies unveil

1. Introduction

Cu NPs have garnered intense interest as
viable substitutes for noble metals due to
their abundance, cost-effective, and supe-
rior physicochemical properties, finding ex-
tensive applications in optics, electronics,
and catalysis.!'3] Despite their potential, the
inherent instability of metallic Cu NPs leads
to the detrimental oxidation in ambient con-
ditions and the agglomeration in heteroge-
neous catalysis, severely reducing the elec-
tron conductivity and hampering the cat-
alytic activity, respectively.'*7] Therefore,
it attracts lots of attention to the design

that the embedded electron-enriched Cu NPs follow the typical Eley-Rideal
mechanism in CO oxidation, contrasting the Langmuir-Hinshelwood
mechanism on the traditional Cu NPs. This mechanistic shift is driven

by the Coulombic repulsion in anion oxygen layer, enabling its direct reaction
with gaseous CO to form the easily desorbed monodentate carbonate.

and synthesis of Cu NPs with good disper-
sion, anti-oxidation, and anti-aggregation.
It’s well-known that the oxidation of metal
surfaces can be described by the Cabrera-
Mott model, where surface electron mi-
gration and interaction with anions oxy-
gen result in a passivating metal-oxide
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layer.®°1 Through modifying the surface excess electrons to
suppress metal ionization, the Cu nanowires functionalized
by [Cu(u-HCOO)(OH),], short chain of ligands and Cu NPs
deposited onto [Gd,C]**-2e~ support with weak interactions
showed good oxidation resistance in ambient conditions and re-
markable catalytic property.>¢! Differently, the sintering of Cu
NPs usually comply with a process called Ostwald ripening,
where the dissolution and atom migration of smaller particles
facilitate the consequent growth of larger ones on the support
surface.'%1 Consequently, the anti-aggregated Cu NPs requires
a special strong geometry interface, for example, the reverse
ripening and encapsulation technologies.['>*] Traditional de-
signs of anti-aggregated Cu NPs predominantly revolve around
coating with stable materials (e.g., long-chain thiolate ligands,
epoxy matrix, SiO,, and TiO,).71417] Although these coatings can
inhibit oxidation and maintain structural integrity, they severely
impair the electron transport and occlude the catalytic sites. Up
to now, the development of uncoated and anti-aggregated Cu NPs
with surface excess electrons remains a significant challenge,
crucial for enhancing the electronic and catalytic properties in
actual applications.

In the realm of materials design, the in situ non-stoichiometric
exsolution methodology can improve the dispersion, reduce the
particle size, enhance the anti-sintering property of bare metal
NPs by virtue of the strong embedded interface. The conventional
non-stoichiometric exsolution process is represented as AB,, O,
— xB metal NPs + ABO, ."*"] Unfortunately, the stable stoi-
chiometric support difficultly donates more electrons to metal
NPs, resulting in the inability to obtain the Cu NPs with sur-
face excess electrons. Drawing from the experience in prepar-
ing precious metals with surface excess electrons (Pt, Ir, Ru, Au,
etc.), the support enriched with surface anions or containing
some cation vacancies can facilitate the reverse electron transfer,
for example, carbon materials doping S and Cl anion elements
and Ni, Fe, -layered double hydroxides.[?>-?*] Here, we first de-
velop an in situ stoichiometric exsolution strategy to prepare the
bare metal NPs with a strong embedded interface and tailor a
support rich in cation vacancies, fostering the reverse electron
transfer as depicted by CuWO, — xCu NPs with surface excess
electrons + Cu-vacancy Cu, ,WO,. This interface design does
not require the additional surface passivation or modification,
but can yield stable, uncoated Cu NPs with a surplus of surface
electrons.

In order to promote the catalytic applications of stable Cu
NPs with surface excess electrons, CO oxidation as model reac-
tion is used to identify its chemical properties, including active
sites, reaction pathways, and the key intermediates. Herein, var-
ious operando characterizations such as X-ray absorption spec-
troscopy (XAS), reaction kinetics, diffuse reflectance infrared
Fourier transformations spectroscopy (DRIFTS), and isotope la-
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beling mass spectrometry are employed to track the dynami-
cal structure evolutions and reaction mechanism of tailored and
conventional Cu NPs during the reactions for clarifying the in-
fluence of interface charge state on the catalytic property. Tra-
ditionally deposited Cu®* NPs mainly produce stable bidentate
carbonate species, complying with the Langmuir-Hinshelwood
(L-H) mechanism. In contrast, the surface of electron-enriched
Cu NPs is covered by active anion oxygen species due to the
Coulomb effect, resulting in the special Eley-Rideal (E-R) mecha-
nism. Therefore, the exsolved Cu NPs with excess electrons man-
ifest the outstanding resistance of CO poisoning, excellent activ-
ity, and long-term durability. Atomic-scale understanding of such
structure-property relationships will provide new opportunities
for the development and commercial application of Cu NPs in
various fields, including water-gas shift reaction, CO, hydrogena-
tion, electrochemical CO, reduction, sensors, and electronic de-
vices.

2. Results and Discussion

2.1. Design and Synthesis of Stably Bare Cu NPs

We design an in situ stoichiometry exsolution route of CuWO, to
prepare the bare and stable Cu NPs with surface excess electrons
and good dispersity. The reaction formula is: CuWO, — xCu NPs
with surface excess electrons + Cu, , WO, with electron-donating
ability, where Cu NPs are embedded into support lattice. The-
oretical models of exsolved and deposited interfaces were con-
structed and optimized to predict the probability of the interface
geometric structure regulation through density functional the-
ory (DFT) calculations (Figure 1a). CuWO, support was first pre-
pared using the hydrothermal method.!?! The obtained yellow-
green powders were calcined at 600 °C. The exsolved sample,
referred to as Cu/CuWO,, was then prepared at 300-350 °C un-
der a H, atmosphere utilizing the in situ exsolution method.[26:%"]
In contrast, a conventional deposition method yielded the com-
parative Cu-CuWO,, where Cu NPs were impregnated onto the
CuWO, support surface.??]

The TEM images reveal a distinct socket interface for the
Cu/CuWO, (Figure 1b,c), displaying uniformly dispersed Cu
NPs embedded within the support structure, with sizes rang-
ing from 5 to 20 nm. The Cu-CuWO,, on the other hand, ex-
hibits a more regular contact interface (Figure S1, Supporting
Information).'?! After thermal treatment at 350 °C in 5 hours
under H, atmosphere, scanning electron microscopy (SEM) im-
ages (Figures S2,S3, Supporting Information) indicate a trans-
formation from smooth to rough surfaces on both catalysts, with
the Cu-CuWO, catalyst showing a tendency toward greater par-
ticle agglomeration. The TEM-EDS mapping (Figure S4, Sup-
porting Information) confirms the identity of surface Cu NPs.
In situ TEM images are employed to elucidate the stoichiomet-
ric exsolution process of Cu NPs, as detailed in Figure 1d-i.
Observations during the hydrogenation process unveil the no-
table morphological changes on the CuWO, support surface; ini-
tially, the smooth surface becomes rough within the first 30s.
Subsequently, a thin surface amorphous layer appeares to pre-
cipitate from localized regions. At 120s, this amorphous layer
has enveloped the CuWO, support. Notably, at 180s, surface
reconstruction initiates, leading to the nucleation of Cu NP
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Figure 1. Preparation of stably bare Cu NPs with negative charge. a) Schematic design route for traditionally deposited and socket metal-oxide interface.
Interfacial geometry and atomic structure models are built and optimized by DFT calculations. b) TEM images and c¢) HRTEM images of Cu/CuWO,
kept in air for one month, where the distance scales are 20 nm and 5 nm, respectively. In situ TEM images of Cu/CuWO, under 10% H,/He atmosphere
ford) 0s,e) 30s,f) 120s, g) 180 s, h) 390 s, and i) 450 s, where the yellow circles represent the exsolved Cu NPs and the distance scale is 20 nm.

seeds. After 390s, the exsolved Cu NPs are uniformly embed-
ded within the CuWO, support, demonstrating a socket inter-
face appeares. In 60s, minor alterations are observed in the phys-
ical position and the size of Cu NPs near the interface, indica-
tive of ongoing dynamic reconstruction. The presence of exsolved
Cu NPs and Cu vacancies within the Cu/CuWO, is substanti-
ated through in situ TEM-EDS mapping (Figure S4, Supporting
Information).
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2.2. Reverse Electronic Metal-Support Interactions

X-ray diffraction (XRD) patterns are conducted to ascertain
the crystal structure of the synthesized Cu NPs and support.
The XRD patterns (Figure 2a) reveal that both the Cu-CuWO,
and Cu/CuWO, exhibit the characteristic face-centered cubic
structure of Cu NPs (space group: Fm-3m) and the triclinic
phase of CuWO, (space group: P1), corroborating with previous
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Figure 2. Charge state of Cu NPs and strong interface interactions. a) XRD patterns for Cu/CuWO,, Cu-CuWO, and CuWO,. b) LABF-STEM images
of Cu/CuWO,. c) Cu L;-edge EELS spectra of Cu/CuWO,, Cu-CuWO, and CuWO, at different positions. d) Normalized Cu L-edge XAS spectra of
Cu/CuWOy,, Cu-CuWOy,, CuWOy, and Cu foil. €) O 1s XPS spectra and f) O,-TPD profiles of Cu/CuWOy,, Cu-CuWOy,, and CuWO,. Samples are measured

after putting in ambient air for one month.

studies.[*] The enlarged XRD patterns (Figure S5, Supporting
Information) show a discernible shift of the (111) peak toward
higher angles in Cu/CuWO, compared to Cu-CuWO,, implying
a reduced interplanar spacing within the (111) planes of the Cu
NPs in Cu/CuWO,. The normalized W L;-edge XANES spectra
in Figure S6 (Supporting Information) show that the chemical
states of W atom in CuWO,, Cu/CuWO,, and Cu-CuWO, are 6+
because they have the same whiteline peak position with WO,.
The atomic-resolution low angle bright field scanning transmis-
sion electron microscopy (LABF-STEM) images (Figure 2b) show
that the exsolved Cu NPs in Cu/CuWO, are integrated into the
amorphous layer of CuWO,, forming a unique particle-socket in-
terface. The LABF-STEM images of CuWO, and Cu-CuWO, are
also shown in Figure S7 (Supporting Information). These images
validate their respective pure crystal phases and the nature of the
deposited interface, consistent with the XRD and TEM results.
Localized electron energy loss spectroscopy (EELS) is mea-
sured to elucidate the electronic state of Cu at the surface or in-
terface of catalysts. Cu L;-edge EELS spectra in Figure 2c reveal
that upon exposure to air for one month, the Cu ions in the sup-
port region (region B) of both Cu/CuWO, and Cu-CuWO, re-
tain a typical 2+ oxidation state (Figure S7, Supporting Informa-
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tion). However, a notable discrepancy in Cu content is observed.
The Cu/CuWO, exhibits a significantly lower Cu concentration
within the CuWO,, attributable to the intentional introduction
of cation vacancies. As known, cation vacancies in Cu/CuWO,
as similar anion ligands donate electrons to the Cu NPs due
to metal-support interactions and electron spillovers.*% Conse-
quently, electron density proximal to the Cu NPs in Cu/CuWO,
(region A) is augmented compared to that in Cu-CuWO,, evi-
denced by a higher energy position of the Cu® EELS peak.[63!]
Moreover, the presence of oxide layers in Cu NPs of Cu-CuWO,
is discerned through minor peaks in the O K-edge EELS spectra
(Figure S8, Supporting Information). In contrast, the Cu/CuWO,
shows an absence of oxide layers on the Cu NPs surface, affirm-
ing a net negative charge transfer from the CuWO, to Cu NPs
and the formation of Cu NPs endowed with excess electrons.
Cu L-edge XAS spectra (Figure 2d) under TEY mode are em-
ployed to further probe the surface electronic structure. The ab-
sorption peak associated with Cu/CuWO, is shifted to a higher
energy relative to the standard Cu’ peak in metal Cu NPs,
whereas the Cu-CuWO, did not display this peak, indicative of
surface oxidation of deposited Cu NPs and exsolved Cu NPs with
surface excess electrons.3234 W 4f XPS spectra in Figure S9a

© 2024 UChicago Argonne, LLC and The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB0| 7 SUOLLLIOD BAIIER.0 3|deot (dde au Aq peusenob are saplife YO ‘88N Jo S9N 10} Areiq18uljuO AB|1/W UO (SUORIPUOD-PUR-SWIBYLLIOD A8 | 1M ARe.q)1BU1UO//SONY) SUORIPUOD PuUe SW | 8U3 88S *[720Z/0T/82] U0 A%iqi8uliuo A8|IM ‘88 L Aq 02G2T202 ewipe/z00T OT/I0p/w0d A8 1M Areiq1jeuljuo//sdny woy pepeojumoq ‘0 ‘G60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202412570&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(Supporting Information) manifest that the W 4f, , peak position
of Cu/CuWO, has a shift to high energy compared with CuWO,
and Cu-CuWO,. Cu 2p XPS spectra in Figure S9b (Supporting
Information) display that Cu® peak position of Cu/CuWO, shifts
to lower energy compared to that of Cu-CuWO,, while the peak
position of Cu?* in Cu/CuWO, shifts to the high energy com-
pared to conventional Cu-CuWO,. Meanwhile, Cu LMM Auger
peak for Cu® in Cu/CuWO, shifts to low energy compared to that
in Cu-CuWO, (Figure S9c, Supporting Information). These XPS
results suggest the reverse electron transfer from cation-vacancy
CuWO, into Cu NPs. In contrast, the Cu L-edge XAS spectra
under FY mode probing the bulk structure (Figure S10, Sup-
porting Information) show that Cu-CuWO, contains the same
Cu® absorption peak with metal Cu, confirming the existence
and surface oxidation of Cu NPs in Cu-CuWO,. The shifted Cu®
peak of exsolved Cu NPs to high energy demonstrate the reverse
strong metal-support interactions (SMSI) compared to that of
deposited Cu NPs. The decreased crystallinity in the XRD pat-
terns in Cu NPs of Cu-CuWO, confirms the deep oxidation of
deposited Cu NPs compared with the exsolved Cu NPs. Splitting
of peaks a and c in Figure S10 (Supporting Information) stems
from the Cu?* in CuWO, support and surface passivation of sup-
ported Cu NPs in Cu-CuWO,. The reverse SMSI and cation va-
cancies in Cu/CuWO, not only amplify the covalency of Cu-O
bond (Figure S11, Supporting Information), but also generate
novel active oxygen species, such as lattice oxygen (Oy,) in the
O 1s XPS spectra (Figure 2e).12>%] In contrast, the interfacial dy-
namics on Cu-CuWO, are found to exert minimal influence on
the activity of lattice oxygen (O,,,). Notably, the covalency of Cu-
O bond experiences a marginal reduction as indicated by an ele-
vated white line intensity (Figure S11, Supporting Information).
However, the O,,,, content in Cu-CuWO, is higher in comparison
to CuWO,, attributed to the presence of Cu®* NPs intrinsic to its
structure. The anti-oxidation behavior of exsolved Cu NPs aligns
with the reported work regarding Cu NPs that possess surface
excess electrons.l®) Our design about the stoichiometric exsolu-
tion fabricates the embedded cation-vacancy Cu-oxide interface,
which can trigger the surface negative charge through reverse
SMSI induced the strong electron spillovers. In Cu/CuWO, cat-
alyst, the cation-vacancy support is considered as anion ligands
to donate some extra electrons to exsolved Cu NPs.

The reactivity of Oy, is further investigated using the
temperature-programmed desorption of O, (O,-TPD in
Figure 2f). The results demonstrate that the Cu/CuWO, presents
a greater quantity of active Oy, species at 300 °C relative to both
the CuWO, and Cu-CuWO,, signifying a potential enhance-
ment in catalytic property and oxygen exchange reactions. The
temperature-programmed reduction profiles of H, (H,-TPR in
Figure S12, Supporting Information) reveal the higher reducibil-
ity of Oy, on Cu/CuWO, compared to that on CuWO, and
Cu-CuWO,. This increased reducibility and presence of active
Oy, are likely attributable to the interactive effects between the
electron-enriched Cu NPs and the cation-vacancy CuWO,.

To elucidate the SMSI effects in different interfacial geome-
tries, we conduct charge density difference calculations between
Cu NPs and support. The results show that the Cu/CuWO,
yielded a higher accumulation of negative charges in comparison
to the Cu-CuWO, (Figure 3a,b; Figure S13, Supporting Informa-
tion). The spatial distribution of surface charges on Cu/CuWO,
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is observed to be considerably more extensive than that on Cu-
CuWO,, a phenomenon attributable to the SMSI facilitated by
the unique particle-socket interface. This particle-socket inter-
face markedly tunes the surface electronic structure of both Cu
NPs and supports. The role of interface is critical in enhanc-
ing the spatial dispersion and bestowing anti-oxidation and anti-
aggregation properties to the electron-enriched Cu NPs.

To investigate the atomic structure and SMSI in the Cu NPs
with varying electronic charges, we conduct the analyses using
extended X-ray absorption fine structure (EXAFS) spectra of Cu
K-edge and W L-edge, coupled with operando X-ray pair distri-
bution function (PDF). The K-space Fourier-transformed func-
tions (k¥ (k)) from the EXAFS spectra of the Cu K-edge and W
L;-edge (Figure S14, Supporting Information) exhibit the simi-
lar oscillatory patterns with a high signal-to-noise ratio, suggest-
ing the main structure of these catalysts are similar. The R-space
Fourier-transformed functions (k* ¥ (k)) from the Cu K-edge EX-
AFS spectra (Figure 3c) reveal that the Cu/CuWO, possesses a
longer Cu-O bond relative to the CuWO, and Cu-CuWO, due to
the formation of Cu vacancies. Conversely, the Cu-Cu bond dis-
tances in Cu/CuWO, are shorter than those in Cu-CuWO, be-
cause of electron enrichment around the Cu NPs.

Different from the local structure around Cu, both the W-O
bond distance in the first shell and W-W/O/Cu bond distances in
the second shell exhibit adverse variations. The distance order of
W-O bond follows the sequence of Cu/CuWO, < CuWO, < Cu-
CuWO, (Figure 3d). The detailed fitting results about Cu K-edge
and W L;-edge EXAFS spectra are summarized in Tables S1,S2
(Supporting Information). An analysis of coordination numbers
illuminates the disparities. The Cu/CuWO, exhibits lower coor-
dination numbers for both Cu (3.86) and W (5.86) atoms com-
pared to the CuWO, (Cu: 3.96, W: 5.95) and Cu-CuWO, (Cu:3.92,
W: 5.91). These deviations stem from Cu vacancies and the em-
bedded interfacial effect, substantiating a higher structural disor-
der in Cu/CuWO,. These results align with above observations
and underscore the impact of negative and positive charge trans-
fers on the chemical environment of Cu and W atoms in catalysts.

Figure 3e illustrates the room temperature X-ray scattering
pathways. Due to the significantly higher atomic number of W
compared to Cu, the Cu-O scattering signal from CuWO, is typ-
ically overshadowed by the signal of W-centric local structure.
According to the theoretical simulation (Figure S15, Supporting
Information), these peaks in X-ray PDF spectra can be assigned
to the W/Cu-O pairs of CuWO, at 1.87 A and the Cu-Cu pair
of Cu NPs at 2.50 A, respectively. To elucidate the temperature-
dependent behavior of active sites, the W/Cu-O and Cu-Cu dis-
tances within the samples are assessed under varying thermal
conditions (Figures S15-S17, Supporting Information). An in-
crease in reaction temperature leads to a notable contraction of
the metal-oxygen pairs in Cu/CuWO,, which is not observed
in CuWO, and Cu-CuWO,. This contraction is hypothesized
to arise from the desorption of O, or a reduction in the co-
ordination numbers of metal-oxygen pairs at the Cu-vacancies
Cu/CuWO,. Figure 3f displays the lower onset temperature for
the expansion of Cu-Cu distance in Cu/CuWO,. Such expansion
is indicative of substantial electron transfer and reconstruction
events occurring on the electron-enriched Cu NPs, potentially fa-
cilitating the Oy, activation. The results above collectively sug-
gest that the SMSI, driven by the particle-socket interface, serves
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Figure 3. Atomic and electronic structure of Cu NPs. Side views of the charge density difference between Cu NPs and support on a) Cu/CuWO, and
b) Cu-CuWOy,. Yellow and blue green denote the positive and negative charge, respectively. c) R-space Fourier-transform EXAFS spectra of Cu K-edge for
Cu/CuWO,, Cu-CuWO,, CuWO, and Cu foil. d) R-space Fourier-transform EXAFS spectra of W L;-edge for Cu/CuWO,, Cu-CuWO, and CuWOy,. e) Pair
Distribution Function (PDF) analysis of Cu/CuWOy,, Cu-CuWO,, and CuWO, at room temperature. f) Dynamic changes of Cu-O distance in CuWO,
support and Cu-Cu distance in Cu NPs at different temperatures, where the results are obtained from operando PDF analysis.

to refine the atomic structure of both the electron-enriched Cu
NPs and the cation-vacancy CuWO,. Consequently, this leads to
an enhanced capacity for low-temperature Oy, activity, affirming
the value of the particle-socket interface in the optimization of
active-site structure.

Cu L-edge XAS spectra using FY mode, X-ray PDF spectra, and
Cu K-edge EXAFS spectra are conducted to define their contents
of Cu NPs in catalysts through fitting and evaluating the amount
ratio of Cu-Cu metal bond/Cu—O bond, W—O bond. Cu L-edge
XAS spectra in Figure S10 (Supporting Information) show that
the Cu ratios of Cu/CuWO, and Cu-CuWO, are 6.8% and 7.4%,
respectively. Cu K-edge EXAFS spectra display that the Cu ratios
of Cu/CuWO, and Cu-CuWO, are 6.3% and 6.7%, respectively.
X-ray PDF spectra manifest that the Cu ratios of Cu/CuWO, and
Cu-CuWO, are 3.8% and 4.1%, respectively. Lower value for Cu
ratio in PDF data mainly stems from the strong scattering of
weight element W. But the close ratio confirms the same sup-
ported content of Cu NPs. These results also agree well with
the TEM-EDS result about the ~6% (+1%) loading value of Cu
NPs. Similar loading value of Cu NPs on the CuWO, support
surface can be used to well understand the structure-activity re-
lationships.
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2.3. Dynamic Structure Evolutions of Cu NPs

To unravel the structure evolutions and dynamic effect of pos-
itively or negatively charged Cu NPs during the CO oxidation,
we perform the in situ XAS spectra at both O K-edge and Cu
L-edge under CO and CO/O, atmospheres, respectively.**) The
normalized O K-edge and Cu L-edge XAS spectra are depicted
in Figures S18-S23 (Supporting Information). These spectra are
transformed into visualized curves, juxtaposing electronic struc-
ture against reaction conditions to monitor the structural tran-
sitions of the active sites in real-time. The electronic structure
is primarily deduced by examining the position and intensity of
the XAS absorption peaks.3>¥-3%] Under vacuum and solely CO
atmospheres, the covalency of Cu-O bond for both CuWO, and
Cu-CuWO, remains unchanged (Figure 4a). However, upon the
introduction of CO, a pronounced weakening in Cu-O bond for
Cu/CuWO, is observed, demonstrated by the shift of the absorp-
tion peak to higher energies, an effect that persisted even when
the temperature is elevated to 150 and 250 °C. These observa-
tions suggest that the reverse SMSI phenomena actively partici-
pate in Oy, activation at Cu/CuWO, interface. In CO + O, atmo-
spheres, a more significant low-energy shift in peak positions is
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Figure 4. Dynamic evolution of electronic structure of Cu NPs. Dynamic evolutions of a) surface adsorbed O, and metal-oxygen bond covalency over
Cu/CuWOy,, Cu-CuWO,4 and CuWO,, where the covalency is clarified by peak A position in O K-edge XAS spectra of Figures S18-S20 (Supporting
Information). b) oxidation state of Cu?* ions over Cu/CuWO,, Cu-CuWO, and CuWO,, where it is assessed by peak A position in Cu L-edge XAS
spectra of Figures S21-523 (Supporting Information). c) Valence state variations and relative electron density of Cu/CuWO, and Cu-CuWO, under
kinetic reaction conditions, where they are evaluated via the position and white line intensity of peak B in Cu L-edge XAS spectra of Figures S21-523
(Supporting Information). d) Schematic diagram of SMSI in exsolved and deposited interfaces.

noted for Cu/CuWO, compared to CuWO, and Cu-CuWO,, in-
dicating that the electron-enriched Cu NPs enhance oxygen ad-
sorption at the active sites, potentially leading to the formation of
an anion oxygen protective layer. As the reaction temperature for
CO oxidation is increased, the downward shift in the O K-edge
spectra became less pronounced, implying that gaseous O, in-
teraction with both Cu/CuWO, and Cu-CuWO, can be further
activated above 150 °C.

As for the valence state of Cu (Figure 4b), we observe diver-
gent trends as a function of temperature. For Cu/CuWO,, the
Cu valence state increases with the temperatures, whereas it di-
minishes on Cu-CuWO,, signifying disparate electron transfer
dynamics in the SMSI. Surface structural changes of Cu NPs
during the reaction are also monitored (Figure 4c). At ambient
temperatures, the Cu-CuWO, is found to be fully passivated by
oxidation layers, evidenced by the absence of characteristic peaks.
This passivation increases the CO competitive adsorption, in-
hibiting the oxygen activation. Conversely, the Cu/CuWO,, en-
dows with surplus surface electrons, are capable of forming an
anion oxygen protective layer while maintaining a metal surface
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state with excess electrons. These findings imply that the SMSI
manifests in antipodal directions of charge transfer between
the electron-enriched Cu NPs and the cation-vacancy CuWO,
(Figure 4d). Above 150 °C, the Coulombic effect enhances oxy-
gen adsorption and subsequent dissociation on the electron-
enriched Cu NPs of Cu/CuWO, due to negative charge trans-
fer. In contrast, positive charge transfer on Cu-CuWO, facilitates
the desorption of stable surface oxygen species from the Cu’*
NPs and robust competitive CO adsorption, leading to a reduced
oxidation state. The predilection for redox reactions is governed
by the electron transfer, making the Cu-CuWO, susceptible to
CO poisoning and formation of stable bidentate carbonates,
whereas the Cu/CuWO, becomes enveloped by adsorbed oxygen
species.

Finally, to gauge the relative electron density at the Cu sites
within Cu NPs at 150 °C, kinetic conditions are employed, as ef-
fects from the support remain influential at 250 °C.[**l The his-
togram in Figure 4c delineates the dynamic shifts in electron den-
sity of Cu NPs under CO and CO/O, conditions, aiding in the
dissection of CO and O, adsorption capacities. It is noted that
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reductive CO preferentially adsorbs onto Cu-CuWO, due to more
positive charge on Cu NPs surface. The interactions between CO
and Cu NPs of Cu-CuWO, culminate in a marked elevation of
electron density at the Cu®* NPs. In contrast, the Cu/CuWO,
undergoes a swift alteration from an increase (under CO) to a
decrease (under CO/0O,) in relative electron density, suggesting
that the electron-enriched Cu NPs of Cu/CuWO, predominantly
attract O, over CO.

In situ TEM images in Figure S24 (Supporting Informa-
tion) show that Cu/CuWO, surface contains thin CuO, layer
(CuO,@Cu: core-shell structure) due to the oxidative atmosphere
at 250 °C, resulting in the typical E-R mechanism CO directly
reacting with oxygen adsorbed on exsolved Cu NPs surface.
When the reactive gas is pumped into vacuum condition, the
Cu/CuWO, resumes the original microstructure due to strong
reducing effect of electron beam irradiation at high temperatures.
Furthermore, Cu L-edge XAS spectra of Cu/CuWO, and reacted
Cu/CuWO, under FY mode (Figure S25, Supporting Informa-
tion) are also conducted to observe the electronic structure of Cu
NPs in the reacted Cu/CuWO,. Increased peak a (Cu’*) and de-
creased peak b (mixed Cu® and Cu*) confirm the surface oxida-
tion and oxygen adsorption during the catalytic process. In con-
trast, traditional CuO, @Cu-CuWO, catalyst easily occurring the
CO poisoning adsorption due to the positive electron transfer.
Therefore, the important difference of catalytic mechanism and
property between deposited Cu NPs and exsolved Cu NPs stems
from the surface electron structure of CuO, layers on Cu NPs,
namely positive and reverse electron transfer during the catalytic
reactions.

DFT calculations are employed to quantify the adsorption
energies of O, and CO on the Cu NPs (Figure S26, Support-
ing Information). The Cu/CuWO, demonstrates a higher affin-
ity for O, adsorption (—1.14 eV) compared to the Cu-CuWO,
(=0.97 eV), while CO adsorption on Cu/CuWO, is less favored
(=0.79 eV versus —0.88 eV). This differential adsorption pro-
file can be attributed to the Coulombic interactions between the
electron-enriched Cu NPs and Oy, facilitating enhanced oxy-
gen adsorption but restricting oxygen penetration into the bulk
lattice, thereby conferring superior anti-oxidation properties to
Cu/CuWO,.[%] With increasing the temperature, the Cu/CuWO,
becomes fully saturated with active oxygen species, and the pres-
ence of excess electrons impeds the adsorption of CO, conse-
quently yielding distinct intermediates and mechanisms in CO
oxidation relative to Cu-CuWO,.

2.4. Reaction Mechanisms of Cu NPs in CO Oxidation

To investigate the effect of surface charge states of Cu NPs on
reaction pathways, in situ DRIFTS spectra of Cu/CuWO, and
Cu-CuWO, are employed. According to previous works, the in-
termediate species can be attributed to monodentate carbonate
(@, 1343, 1445, and 1508 cm™'), bidentate carbonate (8, 1324,
1544, 1599, and 1683 cm™'), bridged adsorbed Cu-CO (y, 1804
and 1917 cm™), linearly adsorbed Cu-CO (, 2117 cm™!), gaseous
CO (2184 cm™'), and gaseous CO, (2338 and 2360 cm™!), respec-
tively (Table S3, Supporting Information).[1=#]

The Cu/CuWO, has a small redshift to high wavenumbers
in Cu-CO vibrations compared to the Cu-CuWO,. Upon the co-
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introduction of CO and O,, a reversal in peak frequency from
2119 to 2111 cm™ is noted, evidencing a blueshift effect consis-
tent with the positive charge influence of Cu NPs on CO adsorp-
tion. Furthermore, differential adsorptive behaviors are revealed
by the strong peak of bridged Cu-CO and carbonate species at
200 °C in Cu/CuWO,, which are absent in CuWO, and Cu-
CuWO, (Figure 5a). This suggests that O,,,, in Cu/CuWO, is acti-
vated via SMSI, then adsorbed CO reacts with Oy, to yield mon-
odentate and bidentate carbonates (Mars-van Krevelen (MvK)
mechanism). A comparative low peak for Cu-CO and a high in-
tensity for CO on Cu/CuWO, also indicates that the electron-
enriched Cu NPs mitigate CO poisoning. When the atmosphere
is switched solely to O, (Figure 5b), the Cu-CuWO, surface is
predominantly populated by stable bidentate carbonates, while
the Cu/CuWO, surface favors the formation of monodentate car-
bonates and CO,. Consequently, Cu/CuWO, exhibits enhanced
activity and stability in CO oxidation due to the dominant active
sites on the electron-enriched Cu NPs and a supportive effect that
augments negative charge transfer. When CO and O, are both in-
troduced, an increase in bidentate carbonates is observed for Cu-
CuWO, compared to individual CO or O, condition, whereas,
the Cu/CuWO, shows the negligible bidentate carbonate species
(Figure 5c). To further prove the chemical property of monoden-
tate and bidentate carbonate species, the time-resolved in situ
DRIFTS spectra over Cu-CuWO, and Cu/CuWO, at 200 °C are
measured under the different atmospheres. Figure S27a (Sup-
porting Information) shows that the Cu-CuWO, mainly adsorbs
bidentate carbonate species. With increasing pump time of CO
gas, the decreased bidentate carbonate species indicate the poi-
soning adsorption of CO gas. In the contrast, Cu/CuWO, mainly
adsorbs monodentate carbonate species and surface content of
monodentate carbonate species increases with increasing the CO
gas (Figure S27b, Supporting Information). CO and O, mixed
gases are introduced into catalyst surface to observe the varia-
tion of carbonate species. Figure S27c (Supporting Information)
shows that the bidentate carbonate species adsorbed on the Cu-
CuWO, surface increase under CO and O, atmosphere, suggest-
ing that the Cu®* NPs stabilize the bidentate carbonate species.
Differently, after switched into CO + O, atmospheres, the mon-
odentate carbonate species adsorbed on the Cu/CuWO, surface
dramatically reduces, demonstrating that the monodentate car-
bonate species easily desorb from the electron-enriched Cu NPs
surface (Figure S27d, Supporting Information). These in situ FT-
IR results imply that the Cu/CuWO, primarily adheres to the E-
R mechanism at the electron-enriched Cu NPs, attributed to the
complete coverage by active oxygen species, and a lesser extent
of the MvK mechanism at the Oy, of support. In contrast, the
Cu-CuWO, demonstrates a variety of mechanisms including the
L-H and E-R, stemming from weak oxygen activation, strong CO
adsorption, and inefficient carbonate decomposition.

To further clarify the catalytic mechanism, the reaction rates
of CO oxidation over Cu/CuWO, and Cu-CuWO, are assessed
under stringent kinetic control conditions.[*”) Temperature-
dependent catalytic curves for CO oxidation (Figure S28, Sup-
porting Information) demonstrate that Cu/CuWO, has the bet-
ter catalytic activity than Cu-CuWO, and CuWO, in 200 °C. Fur-
thermore, the normalized reaction rate by surface specific area
(Table S4 and Figure S29, Supporting Information) is used to
calculate the reaction orders with respect to CO and O,. For
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Figure 5. Effect of surface charge state of Cu NPs on reaction mechanism. In situ DRIFTS spectra over Cu/CuWOy,, Cu-CuWOy,, and CuWO, at 200 °C
under the atmosphere of a) N,-CO, b) O,-CO, and c) CO + O,. Effect of CO and O, partial pressure on the reaction rate over d) Cu/CuWO, and e)
Cu-CuWO,. Red curve: Pcg = 1kPa, Pg, = 5-20kPa; Blue curve: Py, = 10kPa, Pcg = 0.4-1.2 kPa. f) Time-resolved isotopic 36O, labeled online mass

spectrometry over Cu-CuWO, and Cu/CuWO, for CO oxidation.

Cu/CuWO,, reaction orders were determined to be 0.2 for CO
and 0 for O,, whereas the reaction orders for Cu-CuWO, were
—0.2 for CO and 0.1 for O, (Figure 5d,e). The zeroth-order
kinetics in O, over Cu/CuWO, implies that adsorbed surface
oxygen species are readily activated and participate directly in
the oxidation process.[**! The positive reaction order for CO on
Cu/CuWO, indicates that an increased concentration of CO en-
hances the oxidation rate. These kinetic and in situ DRIFTS
results affirm the prevalence of the E-R mechanism in CO oxi-
dation on Cu/CuWO,. The normalized rate and a 40-h stability
test also proved that the Cu/CuWO, possessed a higher CO oxi-
dation rate and durability (Figure S30, Supporting Information).
Cu/CuWO, catalyst also possesses the lower activation energy
barrier (55 k] mol~') than Cu-CuWO,, indicating the importance
of exsolved interface on tuning the reactivity of active sites (Figure
S31, Supporting Information). Table comparing the performance
of different catalysts are used to confirm the catalytic property
of exsolved Cu/CuWO, (Table S5, Supporting Information). We
directly observe that compared with anti-sintering Pt-based cat-
alysts, this stable exsolved Cu/CuWO, catalyst shows better cat-
alytic activity of CO oxidation, but its activity is lower than those
catalysts easily sintering Cu NPs based catalysts. This work ad-
dresses the anti-sinter property of traditional Cu NPs and triggers
unique electron structure with negative charge.

In operando isotope-labeled mass spectrometry, the
Cu/CuWO, exhibited a significantly enhanced “°CO, signal
compared to the Cu-CuWO,, indicative of superior catalytic
efficiency via the E-R mechanism, utilizing *°O, (Figure 5f). The
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observed *CO, signal is comparable for both catalysts, signifying
the concurrent presence of reactions involving surface-adsorbed
oxygen (L-H/E-R) and Oy, (MvK). The activity and availability
of Op,,; on Cu/CuWO, are higher than on Cu-CuWO,, which is
corroborated by the attenuated rate of decrease in CO oxidation
activity. To quantitively analyze the accurate contribution of Cu
site in Cu NPs and O, site in amorphous layer of support, the
normalized signals of *CO, and *CO, are processed into the
real gas concentration. Our concentration calculation results
show that the Cu site and O site on Cu/CuWO, contribute
75% and 25%, respectively. In the contrast, the Cu site and O
site on Cu-CuWO, in CO oxidation contribute 44% and 56%,
respectively. The reactivity of Cu site and O site on Cu/CuWO,
have 1.5 times and 5 times as that on Cu-CuWO,, respectively.
These results are well consistent with CO oxidation kinetics and
NAP-XAS spectra. These in situ spectroscopic characterizations
clarify the effects of the surface charge state of Cu NPs and the
embedded interface on the anti-oxidation and anti-aggregation
properties of Cu NPs and reaction intermediates. In additions,
cation vacancies in Cu/CuWO, support not only facilitate the
interface transfer between Cu NPs and oxide support, but also
improve the activity of surface lattice oxygen in exsolved CuWO,
support.

DFT results (Figures S32-S34, Supporting Information) reveal
the lower activation energy barriers (0.53 eV) for the E-R mech-
anism on Cu/CuWO, compared to Cu-CuWO, (1.15 eV), where
CO reacts with the surface-adsorbed oxygen species. Conversely,
the negative reaction order for CO on Cu-CuWO, indicates a
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tendency for CO poisoning, concomitant with adherence to E-
R, L-H, and MvK mechanisms. DFT results (Figures S35-S37,
Supporting Information) elucidate the heightened reactivity of
O on Cu/CuWO, compared to Cu-CuWO,. In the MvK mech-
anism, the energy barriers for the reaction of adsorbed CO* with
Oy Were 2.14 eV and 2.70 eV, respectively. The increased *CO,
signal on Cu/CuWO, proves its stronger oxygen exchange ability.

3. Conclusion

In this work, we successfully synthesized the stably bare electron-
rich and anti-aggregated Cu NPs by in situ stoichiometric ex-
solution of CuWO,. Utilizing CO oxidation as a probe reac-
tion and deploying in situ multimodal characterization tech-
niques, we delineated the pivotal role of interface geometric and
electronic structures on the chemical properties of stably bare
Electron-enriched NPs: i) The electron-enriched Cu NPs coun-
teract the surface oxidation prevalent in ambient conditions, im-
pede aggregation, and exhibit a preferential CO adsorption com-
pared to the traditional Cu®* NPs. ii) Electron-enriched Cu NPs
predominantly facilitate the desorption of monodentate carbon-
ate species, whereas the Cu®* NPs stabilize bidentate carbonate
species. iii) In contrast to the L-H mechanism primarily on the
Cu’* NPs, the electron-enriched Cu NPs adhere to the E-R mech-
anism, enabling direct interaction between CO and adsorbed
oxygen.

The reverse SMSI effect of exsolved Cu NPs not only stabilizes
the electron density at the Cu NPs but also establishes a robust in-
terface that mitigates surface oxidation in ambient air and resists
particle aggregation. The enhanced affinity for CO adsorption can
be attributed to the formation of an anion oxygen protective layer.
Accordingly, the Cu/CuWO, with the electron-enriched Cu NPs
demonstrate the exceptional catalytic activity and durability in CO
oxidation. Fine-tuning of interface parameters in supported cat-
alysts emerges as a critical strategy for modulating the reverse
SMSI and crafting cutting-edge metal NPs. Our insights into the
interface structure-property relationships are anticipated to cat-
alyze novel avenues for the enhancement and broader commer-
cial deployment of supported Cu NPs across various domains,
including CO, hydrogenation, water-gas shifts, and exhaust con-
trol of vehicles.

Supporting Information

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