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ABSTRACT: Understanding the chemical environment and interparticle dynamics of nanoparticle electrocatalysts under operating
conditions offers valuable insights into tuning their activity and selectivity. This is particularly important to the design of Cu
nanocatalysts for CO2 electroreduction due to their dynamic nature under bias. Here, we have developed operando electrochemical
resonant soft X-ray scattering (EC-RSoXS) to probe the chemical identity of active sites during the dynamic structural
transformation of Cu nanoparticle (NP) ensembles through 1 μm thick electrolyte. Operando scattering-enhanced X-ray absorption
spectroscopy (XAS) serves as a powerful technique to investigate the size-dependent catalyst stability under beam exposure while
monitoring the potential-dependent surface structural changes. Small NPs (7 nm) in aqueous electrolyte were found to experience a
predominant soft X-ray beam-induced oxidation to CuO despite only sub-second X-ray exposure. In comparison, large NPs (18 nm)
showed improved resistivity to beam damage, which allowed the reliable observation of surface Cu2O electroreduction to metallic
Cu. Small-angle X-ray scattering (SAXS) statistically probes the particle−particle interactions of large ensembles of NPs. This study
points out the need for rigorous examination of beam effects for operando X-ray studies on electrocatalysts. The strategy of using EC-
RSoXS that combines soft XAS and SAXS can serve as a general approach to simultaneously investigate the chemical environment
and interparticle information on nanocatalysts.

The CO2 reduction reaction (CO2RR) has emerged as a
promising renewable technology to convert greenhouse

gas into liquid fuels and chemicals.1,2 Among many
heterogeneous electrocatalysts investigated, Cu is the predom-
inant candidate for selective CO2 electroreduction to multi-
carbon products (C2+).

3−5 However, understanding of the
nature of active sites under reaction conditions has remained
limited, particularly for high-performance Cu nanocatalysts,6,7

which calls for further development of operando/in situ
methods.8 Hard X-ray absorption spectroscopy (XAS) has
been widely used to investigate the structural changes of bulk
electrocatalysts,9−16 due to the high penetration of high-energy
X-rays and relatively low beam damage.17,18 However, hard
XAS (>5 keV) can only probe core electrons of the Cu atoms,
which are not actively participating during electrocatalysis.8,17

In comparison, soft XAS (<1 keV) can probe valence electrons
(e.g., 3d electrons) by using transition metal L-edges, which
are chemically more relevant in electrocatalysis.19,20 Soft XAS
is typically collected in either surface-sensitive total electron
yield (TEY) mode or total fluorescence yield (TFY) mode that
collects bulk signals.21−23 Given the ultrahigh vacuum required
for soft X-ray, it remains a great challenge to design a liquid cell
that can enable reliable electrochemistry and simultaneous
acquisition of sufficiently strong X-ray signals.23−27 The few in
situ soft XAS studies have investigated bulk Cu electrodes in
TFY modes and delivered limited structural insights due to the
weak X-ray signals28 or undesirable beam-induced damage
caused by the large absorption cross section of soft X-rays.29

Inspired by resonant soft X-ray scattering studies for
polymer−polymer interactions,30−32 here, we have designed
an operando electrochemical RSoXS (EC-RSoXS) that
combines in situ soft XAS and small-angle X-ray scattering
(SAXS). In situ soft XAS enables a high sensitivity of the
chemical valence of a material with sub-second X-ray pulses.
Meanwhile, SAXS serves as a unique tool to statistically probe
the particle−particle interactions of Cu NP ensembles.
To elucidate the dynamic surface structures of Cu

nanocatalysts under electroreduction, we employed operando
EC-RSoXS to track the chemical environment, specifically, the
chemical valence of Cu, in this study. Figure 1a presents a
cross-section of the operando X-ray cell, which allows the
simultaneous acquisition of XAS and SAXS spectra under real-
time electrochemical conditions. The two assembled micro-
chips encapsulate a liquid layer of 1 μm, which is sufficiently
thin to enable soft X-ray study in a transmission mode (Figure
S1a,b). The X-ray cell is composed of three electrodes,
including a glassy carbon working electrode (WE) for
depositing nanocatalysts and Pt counter and pseudo-reference
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electrodes (CE and RE) (Figure 1b). The potential of the Pt
pseudo-RE was estimated to be ∼0.8 V vs the reversible
hydrogen electrode (RHE).33−35 The customized design of the
X-ray microchip used in this study includes dual glassy carbon
windows that allow us to rigorously assess the soft X-ray beam
effects (Figures 1c and S1c). The NPs deposited on the left
glassy carbon (GC) window 1 are exposed to the X-ray beam,
while the NPs deposited on the right window 2 serve as a
control group, which experiences the same electrochemical
conditions but without X-ray exposure (Figure S1c). The
cyclic voltammetric (CV) profiles of as-synthesized 7 nm Cu@
Cu2O NPs, with a metallic Cu core surrounded by a ∼2 nm
Cu2O shell, show well-defined reduction peaks of surface
Cu2O at ∼0.45 V vs RHE in the EC-RSoXS cell, which match
well with standard H-cell measurements (Figures S2 and S3).
The chronoamperometry (CA) profile of 7 nm NPs at 0 V
shows a stable current plateau of ∼50 nA (Figure 1d). When
soft X-ray was turned on as the current stabilized after 200 s,
periodic minor current spikes (<10 nA) emerged, likely due to
photoelectrons generated by X-ray pulses.29 Such a minor
interference did not alter the average current plateau and
disappeared once the beam was turned off. More importantly,
the photoelectron-induced current is negligible when com-
pared to the stable μA-level current at −0.8 V, which simulates
the typical operating condition for CO2 electroreduction to
C2+ products. Similar current plateaus were also observed for
the 18 nm Cu NP ensemble (Figure S4).
Given the reliability of our electrochemical measurements,

we then carried out soft XAS measurements. The Cu L3,2 edges
in the XAS of Cu foil, Cu2O and CuO powders were first
measured (Figure 2a). The L3 edges (∼934 eV) and L2 edges
(∼952 eV) correspond to Cu 2p3/2→3d3/23d5/2 and 2p1/2→
3d3/2 transitions, respectively. Metallic Cu foil shows the
characteristic triplet peaks at 934.4 eV (2p→3d transition) and
938.4, 942.2 eV (2p→4s,p transition) due to the hybridization
of Cu d and s,p orbitals (Figure S5). Cu2O shows a major peak
at 934.6 eV and a minor peak at 932.0 eV (indicated by the red

arrow), which are consistent with previous studies.26 CuO
exhibits strong peaks at 932.2 and 952.3 eV. The XAS
spectrum of clean Cu foil was collected in TEY mode, and the
other two references were collected in TFY mode (Figure S6).
Soft XAS of as-synthesized NPs in TFY mode show an
increasing metallic Cu fraction as particle size increases from 7
to 18 nm, as indicated by the arrow at 938.4 eV and a slight
negative shift of the main edge from 934.6 to 934.4 eV, as well
as a decay of the oxide feature at 932.0 eV (Figure 2b). The
increasing metallic fraction of larger NPs was also supported by
powder X-ray diffraction (Figure S7), and the surface Cu2O
layer was measured to be ∼2 nm for 18 nm NPs based on
atomic-scale electron energy loss spectroscopy elemental
mapping (Figure S8).
Operando soft XAS was performed to investigate the

chemical valence of 7 nm Cu@Cu2O NPs under electro-
reduction. The well-resolved XAS spectrum in liquid
demonstrates the advantage of scattering-enhanced XAS
(Figure 2c), where the total scattered signal was collected
with an area detector in comparison to conventional
transmission XAS (Figure S9). However, when the electrolyte
was introduced in the cell, the 7 nm Cu NPs ensemble showed
the beam-induced oxidation from Cu@Cu2O to CuO after
only 4 min of acquisition (Figures 2c and S10). This surprising
observation is consistent with recent studies by Salmeron et al.,
where the soft X-ray beam was reported to completely oxidize
a bulk Cu film to CuO in alkaline media (Figure S11).29 This
observation was suggested to result from the formation of
oxidative radicals (e.g., •OH) generated by soft X-ray-induced
photoelectrons in water.29 The smaller Cu NPs studied here
are thus much more susceptible than bulk Cu to beam-induced
oxidation to CuO in water. Subsequent XAS spectra at
potentials from 0 to −0.4 V only showed the continuous
increase of the CuO peak due to accumulating beam-induced
oxidation (Figure 2d). In comparison, operando soft XAS of the
18 nm Cu NPs ensemble showed much less beam damage
within the first four spectra in addition to a minor formation of
metallic Cu (Figure S12). These results suggest that 18 nm

Figure 1. Operando electrochemical liquid-cell resonant soft X-ray
scattering (EC-RSoXS) setup. (a) Schematic of the X-ray cell with the
capability to enable reliable electrochemistry and simultaneously
acquire soft XAS and SAXS through 1 μm liquid. (b) Design of the X-
ray microchip with dual carbon WE, and Pt RE and CE. (c) CV
profiles of Cu NPs at 100 mV/s in CO2-saturated 0.1 M KHCO3 with
different lower potential limits. (d) CA profiles of Cu NPs at 0 and
−0.8 V (inset) vs RHE.

Figure 2. Operando soft XAS of the 7 nm NP ensemble in electrolyte
under X-ray exposure. (a) XAS spectra of standard references and (b)
7, 10, and 18 nm NP ensembles. (c) XAS spectra of the 7 nm NP
ensemble showing beam-induced oxidation to CuO in liquid. (d)
Operando XAS spectra of the 7 nm NP ensemble under applied
potentials from 0.2 to −0.4 V vs RHE, showing that X-ray-induced
oxidation overwhelmed electroreduction.
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NPs are more resistive to beam-induced oxidation, relative to
the 7 nm NPs, and the electrochemical reduction could largely
counteract the X-ray beam damage. Further XAS acquisition
on the 18 nm Cu NPs ensemble showed that X-ray-induced
oxidation overwhelmed the XAS spectra once the applied
potentials were turned off (Figure S13).
The ultrahigh sensitivity of scattering-enhanced XAS

allowed the acquisition time to be further lowered to 0.2 s.
Cu NPs were only exposed to X-ray for a total of 0.6 s to
acquire three key data points at characteristic energy values of
CuO (932.0 eV), Cu/Cu2O (934.4 eV), and Cu (938.4 eV)
(Figure 3). Despite only sub-second X-ray exposure, 7 nm NPs
still showed significant beam-induced oxidation to CuO, as
evidenced by the intensity increase of the CuO peak and the
decrease of the Cu peak (Figure 3a). In comparison, the 10 nm
Cu NPs ensemble began to exhibit the electroreduction of
Cu2O to Cu but with a minor increase of the CuO peak,
suggesting partially suppressed beam-induced oxidation
(Figure 3b). Finally, the 18 nm Cu NPs ensemble consistently
showed the electrochemical reduction from surface Cu2O to
Cu with negligible beam-induced oxidation (Figure 3c). Full
XAS spectra of the 18 nm Cu NP ensemble in the first window
after X-ray pulses exhibited nearly the same spectroscopic
features as observed in the second window without X-ray
pulses, suggesting that sub-second X-ray exposure caused
negligible beam-induced damage on 18 nm Cu NPs (Figure
S14).
Small-angle X-ray scattering (SAXS) was then employed to

investigate the particle−particle interaction of the NPs
ensembles. SAXS spectra of as-synthesized NPs show distinct
scattering patterns (Figure 4a). Basic scattering analysis can be
conducted based 2D hexagonal-packed spherical nanoparticles.

The q* at the first maximum peak measures the average
particle−particle distance, and the Δq of the distance between
two minimum peaks measures the average particle diameter.
Assuming a solid spherical particle coated with ligand, the
difference between q* and Δq is the interparticle distance
(Table S1). As the particle size increases from 7 to 10 and 18
nm, the interparticle distance increases from 1.0 to 1.5 and 2.5
nm, respectively (Figure 4b). The smaller gap among the
assembled 7 nm NPs, relative to that of 18 nm NPs, is
consistent with the smaller interparticle distances observed in
STEM images (Figure S7b,c). It implies a stronger tetradecyl-
phosphonic acid (TDPA) ligand−ligand interaction within
narrower gaps among smaller NPs and a higher degree of
ligand interdigitation, which was also observed on ligand-
coated Ag NPs in our recent vibrational spectroscopy study.36

Operando SAXS shows the potential to probe dynamic
evolution of particle−particle interactions under electro-
chemical conditions, which will be included in our future
study.
In conclusion, this study presents a technical breakthrough

of EC-RSoXS to combine operando soft XAS and SAXS to
probe the valence state and particle−particle interactions of Cu
NP ensembles under electrochemical conditions. To mitigate
soft X-ray beam effects, several approaches have been
proposed.29 For instance, a flow cell can be designed to
constantly supply fresh electrolyte to minimize the accumu-
lation oxidative radicals,27 ultrafast X-ray shutter, continuous
scanning of the monochromator, and a defocused beam can
help lower the dead time and reduce the effective X-ray dose
per unit area.37,38 In this work, the enhancement of
spectroscopy and scattering signal with the statistical ensemble
of NPs is the key to the minimization of the averaged dose,
which in turn mitigates beam-induced artifacts. We anticipate
that the continuous development of operando soft X-ray
methods will play an instrumental role in elucidating the nature
of active sites of electrocatalysts.
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Figure 3. Operando XAS of Cu ensembles with sub-second X-ray pulses. (a) Operando XAS of the 7 nm Cu NPs ensemble in liquid, with three X-
ray pulses still showing significant beam-induced oxidation to CuO. (b, c) Operando XAS of the 10 and 18 nm NP ensembles, showing minor and
negligible beam-induced oxidation, respectively. The latter enables the observation of surface Cu2O electroreduction to metallic Cu.

Figure 4. Soft SAXS studies of NP ensembles: (a) SAXS spectra of as-
synthesized NPs. The differences between q* and Δq were used to
calculate the interparticle distances, as shown in the scheme in (b).
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Duchoň, T.; Hunt, A.; Waluyo, I.; Yang, P.; Tschulik, K.; Salmeron,
M. B. Interface Sensitivity in Electron/ion Yield X-ray Absorption
Spectroscopy. The TiO2−H2O Interface. J. Phys. Chem. Lett. 2021, 12,
10212−10217.
(26) Jiang, P.; Prendergast, D.; Borondics, F.; Porsgaard, S.;
Giovanetti, L.; Pach, E.; Newberg, J.; Bluhm, H.; Besenbacher, F.;
Salmeron, M. B. Experimental and Theoretical Investigation of the
Electronic Structure of Cu2O and CuO Thin Films on Cu(110) Using
X-ray Photoelectron and Absorption Spectroscopy. J. Chem. Phys.
2013, 138, 024704.
(27) Jiang, P.; Chen, J.-L.; Borondics, F.; Glans, P.-A.; West, M. W.;
Chang, C.-L.; Salmeron, M. B.; Guo, J. In situ Soft X-ray Absorption
Spectroscopy Investigation of Electrochemical Corrosion of Copper
in Aqueous NaHCO3 Solution. Electrochem. Commun. 2010, 12, 820−
822.
(28) Chou, T.-C.; Chang, C.-C.; Yu, H.-L.; Yu, W.-Y.; Dong, C.-L.;
Velasco-Vélez, J.-J.; Chuang, C.-H.; Chen, L.-C.; Lee, J.-F.; Chen, J.-
M.; Wu, H.-L. Controlling the Oxidation State of the Cu Electrode
and Reaction Intermediates for Electrochemical CO2 Reduction to
Ethylene. J. Am. Chem. Soc. 2020, 142, 2857−2867.
(29) Weatherup, R. S.; Wu, C. H.; Escudero, C.; Pérez-Dieste, V.;
Salmeron, M. B. Environment-Dependent Radiation Damage in
Atmospheric Pressure X-ray Spectroscopy. J. Phys. Chem. B 2018, 122,
737−744.
(30) Gann, E.; Young, A. T.; Collins, B. A.; Yan, H.; Nasiatka, J.;
Padmore, H. A.; Ade, H.; Hexemer, A.; Wang, C. Soft X-ray
Scattering Facility at the Advanced Light Source with Real-Time Data
Processing and Analysis. Rev. Sci. Instrum. 2012, 83, 045110.
(31) McAfee, T.; Ferron, T.; Cordova, I. A.; Pickett, P. D.;
McCormick, C. L.; Wang, C.; Collins, B. A. Label-free Character-
ization of Organic Nanocarriers Reveals Persistent Single Molecule
Cores for Hydrocarbon Sequestration. Nat. Commun. 2021, 12, 3123.

(32) Zhong, W.; Liu, F.; Wang, C. Probing Morphology and
Chemistry in Complex Soft Materials with In Situ Resonant Soft X-
Ray Scattering. J. Condens. Matter Phys. 2021, 33, 313001.
(33) Holtz, M. E.; Yu, Y.; Gunceler, D.; Gao, J.; Sundararaman, R.;
Schwarz, K. A.; Arias, T. A.; Abruña, H. D.; Muller, D. A. Nanoscale
Imaging of Lithium Ion Distribution during In Situ Operation of
Battery Electrode and Electrolyte. Nano Lett. 2014, 14, 1453−1459.
(34) Yang, Y.; Shao, Y.-T.; Lu, X.; Abruña, H. D.; Muller, D. A.
Elucidating Cathodic Corrosion Mechanisms with Operando Electro-
chemical Liquid-Cell STEM in Multiple Dimensions. Microsc.
Microanal. 2021, 27, 238−239.
(35) Yang, Y.; Shao, Y.-T.; DiSalvo, F. J.; Muller, D. A.; Abruna, H.
D. Metal Monolayers on Command: Underpotential Deposition at
Nanocrystal Surfaces: A Quantitative Operando Electrochemical
Transmission Electron Microscopy Study. ACS Energy Lett. 2022, 7,
1292−1297.
(36) Yu, S.; Kim, D.; Qi, Z.; Louisia, S.; Li, Y.; Somorjai, G. A.; Yang,
P. Nanoparticle Assembly Induced Ligand Interactions for Enhanced
Electrocatalytic CO2 Conversion. J. Am. Chem. Soc. 2021, 143,
19919−19927.
(37) Frahm, R. New Method for Time Dependent X-Ray
Absorption Studies. Rev. Sci. Instrum. 1989, 60, 2515−2518.
(38) Joly, L.; Otero, E.; Choueikani, F.; Marteau, F.; Chapuis, L.;
Ohresser, P. Fast Continuous Energy Scan with Dynamic Coupling of
the Monochromator and Undulator at the DEIMOS Beamline. J.
Synchrotron Radiat. 2014, 21, 502−506.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03662
J. Am. Chem. Soc. 2022, 144, 8927−8931

8931

 Recommended by ACS

Dynamical Change of Valence States and Structure in
NiCu3 Nanoparticles during Redox Cycling
Alexandre C. Foucher, Eric A. Stach, et al.
JANUARY 21, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Redox Properties of Cu2O(100) and (111) Surfaces
Chunlei Wang, Jonas Weissenrieder, et al.
NOVEMBER 19, 2018
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Controlling Dynamic Structural Transformation of
Atomically Dispersed CuOx Species and Influence on
Their Catalytic Performances
Annai Liu, Lin Dong, et al.
SEPTEMBER 20, 2019
ACS CATALYSIS READ 

Early Stages of Electrochemical Oxidation of Cu(111)
and Polycrystalline Cu Surfaces Revealed by in Situ
Raman Spectroscopy
Nataraju Bodappa, Jian-Feng Li, et al.
JULY 21, 2019
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1038/s41560-021-00899-2
https://doi.org/10.1038/s41560-021-00899-2
https://doi.org/10.1002/anie.202004846
https://doi.org/10.1002/anie.202004846
https://doi.org/10.1021/j100336a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100336a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100336a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP00657B
https://doi.org/10.1039/D0CP00657B
https://doi.org/10.1016/j.elspec.2017.05.002
https://doi.org/10.1016/j.elspec.2017.05.002
https://doi.org/10.1063/1.1791320
https://doi.org/10.1063/1.1791320
https://doi.org/10.1126/science.1259437
https://doi.org/10.1126/science.1259437
https://doi.org/10.1021/jacs.8b09743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4773583
https://doi.org/10.1063/1.4773583
https://doi.org/10.1063/1.4773583
https://doi.org/10.1016/j.elecom.2010.03.042
https://doi.org/10.1016/j.elecom.2010.03.042
https://doi.org/10.1016/j.elecom.2010.03.042
https://doi.org/10.1021/jacs.9b11126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b06397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b06397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3701831
https://doi.org/10.1063/1.3701831
https://doi.org/10.1063/1.3701831
https://doi.org/10.1038/s41467-021-23382-8
https://doi.org/10.1038/s41467-021-23382-8
https://doi.org/10.1038/s41467-021-23382-8
https://doi.org/10.1088/1361-648X/ac0194
https://doi.org/10.1088/1361-648X/ac0194
https://doi.org/10.1088/1361-648X/ac0194
https://doi.org/10.1021/nl404577c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404577c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404577c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1017/S1431927621001446
https://doi.org/10.1017/S1431927621001446
https://doi.org/10.1021/acsenergylett.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1140716
https://doi.org/10.1063/1.1140716
https://doi.org/10.1107/S1600577514003671
https://doi.org/10.1107/S1600577514003671
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c03662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.8b08494?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.8b08494?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acs.jpcc.8b08494?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acscatal.9b02773?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acscatal.9b02773?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acscatal.9b02773?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acscatal.9b02773?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/acscatal.9b02773?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/jacs.9b04638?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/jacs.9b04638?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/jacs.9b04638?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/jacs.9b04638?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
http://pubs.acs.org/doi/10.1021/jacs.9b04638?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656050105&referrer_DOI=10.1021%2Fjacs.2c03662
https://preferences.acs.org/ai_alert?follow=1

