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ABSTRACT: Gas-phase heterogeneous catalysis is a process spatially 25,000-fold enhancement of TOF
constrained on the two-dimensional surface of a solid catalyst. Here, we

introduce a new toolkit to open up the third dimension. We discovered that CO, + H,0
the activity of a solid catalyst can be dramatically promoted by covering its
surface with a nanoscale-thin layer of liquid electrolyte while maintaining
efficient delivery of gas reactants, a strategy we call three-phase catalysis.
Introducing the liquid electrolyte converts the original surface catalytic
reaction into an electrochemical pathway with mass transfer facilitated by
free ions in a three-dimensional space. We chose the oxidation of
formaldehyde as a model reaction and observed a 25000-times enhancement
in the turnover frequency of Pt in three-phase catalysis as compared to
conventional heterogeneous catalysis. We envision three-phase catalysis as a O, + H/C\H
new dimension for catalyst design and anticipate its applications in more

chemical reactions from pollution control to the petrochemical industry.
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liquid binary-phase complex to catalyze a gas-phase reaction as
three-phase catalysis.
In nature, iron rusts much faster when in contact with salt

F ormaldehyde is a common indoor air pollutant primarily
emitted from pressed wood products used in home
construction and furnishings." Catalytic degradation of form-
aldehyde at room temperature is a promising solution,” and Pt water, where the salt water serves as an electrolyte that
is thus far the best catalyst.”* However, the catalytic activity of converts the original surface oxidation into an electrochemical
: < 10 1. - : - g . .
Pt still cannot justify its high cost. The catalytic mechanism™® process. = Likewise, in this contribution, introducing an
of Pt is summarized in Figure la. First, O, dissociatively electrolyte layer on Pt converts the original chemical reaction
. U 2 . .
adsorbs onto adjacent Pt atoms, yielding two O adatoms. between O, and formaldehyde into two electrically shorted

lectrochemical reacti Fi 1b). Such i |
Then, formaldehyde is oxidized by an O adatom to form ¢ ecrochemmicar reactions (Figure 1b). Suc COVEISION Sowes
i ’ the two aforementioned problems for conventional heteroge-
adsorbed formate as an intermediate, followed by decom-

. ) ) neous catalysis. (i) There is no more need for O, and
position into adsorbed CO and adsorbed OH. Finally, formaldehyde to find each other on Pt since the two

electrochemical reactions here are electrically connected and
can thus be spatially apart. (ii) Surface reactions are no longer
restricted by adsorption configurations. For example, when
hydrated formaldehyde is electrochemically oxidized, H,O or
OH™ can attack its protons from any direction in three
dimensions to form H;0" or H,O, respectively, depending on
pH."'"'* Similarly, O, can receive protons directly from the
electrolyte when electrochemically reduced."’

adsorbed CO is oxidized to CO, by an O adatom, which is
replenished by O, in the air or regenerated from adsorbed OH.
There are two major problems hindering the kinetics of this
heterogeneous catalytic process. (i) The reactive species need
to be adsorbed adjacently; otherwise, the reaction is limited by
surface diffusion’ (e.g., the reaction between adsorbed CO and
O adatom®). (ii) Most reactive species are adsorbed with
particular configurations, leading to geometric restrictions for
some surface reactions to happen’ (e.g,, O adatom is not able
to attack the proton on bridge-adsorbed formate; thus, the
reaction can only proceed through formate decomposition”).

Here, we discover that the activity of Pt for catalyzing the
oxidation of formaldehyde can be dramatically promoted by
covering the Pt surface with a nanoscale-thin layer of aqueous
electrolyte (Figure 1b). We term this strategy of using a solid—
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Figure 1. Reaction schemes for the oxidation of formaldehyde on Pt. (a) Conventional heterogeneous catalysis involves adsorption, diffusion,
reaction, and desorption, constrained on a two-dimensional surface. (b) Three-phase catalysis speeds up the process by introducing a new liquid
phase, with mass transfer and electron transfer facilitated by the electrolyte and Pt, respectively.
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Figure 2. Materials design for three-phase catalysis. (a) Schematic of a Pt—nanoPE membrane separating air from the electrolyte, with the triple-
phase contact lines pinned at the hydrophilic—hydrophobic boundaries (i.e., the Pt—PE boundaries). (b) Photo of a roll of commercial nanoPE
membrane and a piece of Pt—nanoPE membrane. The gray color indicates Pt coating via magnetron sputtering. Scale bar, S cm. (c) SEM image of
the Pt—nanoPE membrane with a pore size ranging from 50 to 1000 nm. Scale bar, 2 ym. Inset, cross-sectional SEM image measuring the thickness

of the Pt—nanoPE membrane.

Although the presence of salt water accelerates the corrosion
of iron, a piece of iron fully immersed in salt water rusts much
slower than a half-immersed one,'* which is due to the low
solubility of O, (8 ppm). Likewise, introducing an electrolyte
layer into heterogeneous catalysis might also be counter-
productive because it builds a physical barrier between the gas-
phase reactants and the solid-phase catalyst. O, and form-
aldehyde need to be dissolved first and then reach the Pt
surface by diffusion, which is driven by the concentration
gradient. Therefore, the thickness of the electrolyte layer must
be minimized; otherwise, reactants with less solubility would
be readily depleted, resulting in hindered reaction kinetics.'

Depletion of gas reactants in liquid electrolyte is also a
commonly encountered problem in many gas-involving
electrochemical systems, such as fuel cells, ¢ CO, reduc-
tion,'”"® H,0, electrosynthesis,"” etc. Gas diffusion electrodes
(GDE) have been developed to overcome this problem by
constructing triple-phase contact lines close to the catalysts
and thus minimizing the diffusion distances from the gas phase
to the catalysts.”””>* Here, we apply the knowledge obtained
through the development of GDE to gas-phase heterogeneous

catalysis beyond electrochemical systems. It is worth noting
that in our system of formaldehyde oxidation, we do not
extract or apply electricity through an external circuit, and the
shorting circuit illustrated in Figure 1b is localized on each
catalyst particle.

We designed our catalyst by utilizing the self-assembly
behavior of an aqueous electrolyte on a nanoporous
amphiphilic membrane (Figure 2a). Specifically, we deposited
20 pug cm ™ of Pt (~10 nm thick) on one side of a nanoporous
polyethylene (nanoPE) membrane through magnetron sputter-
ing (Figure 2b). Because Pt is hydrophilic and PE is
hydrophobic (Supporting Figure la—d), when the Pt-
deposited side gets in contact with an aqueous electrolyte,
the electrolyte will spontaneously wet the hydrophilic surfaces
(i.e., the surfaces coated with Pt) through capillary action and
finally stop at the hydrophilic—hydrophobic boundaries (i..,
the Pt—PE boundaries), while the hydrophobic and
interconnected pores of nanoPE remain dry, enabling efficient
gas delivery.

Such design offers three major advantages. (i) The
amphiphilic nanopores (Figure 2c) of the Pt—nanoPE
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Figure 3. Benchmarking of three-phase catalysis against conventional heterogeneous catalysis. (a) Schematic of a fixed-bed type reactor. (b)
Concentrations of formaldehyde in outlet gas plotted against the duration of experiments. Reactor, fixed-bed type reactor with a membrane area of
6 cm”. Inlet gas, air containing 10 mg m™> formaldehyde. Gas flow rate, 40 mL min™". Electrolyte, 0.1 M NaOH aqueous solution. (c) Schematic of
a stirred-tank type reactor. (d) Concentrations of formaldehyde in electrolyte plotted against the duration of experiments. Reactor, stirred-tank type
reactor with a membrane area of 3 cm”. Gas flow rate, 20 mL min~". Formaldehyde (1 g-L™") was predissolved in the liquid chamber. All the

experiments were conducted at 25 °C in a constant-temperature room.

membrane reshape the gas—liquid interface into countless
nanosized menisci (the inset of Figure 2a). The aforemen-
tioned O,-depletion problem is alleviated because the distance
from the gas—liquid menisci to Pt (equivalent to the thickness
of the electrolyte layer in Figure 1b) is at the nanoscale. (ii)
Such a special liquid morphology can be steadily maintained
despite its fluidic nature. This is because the triple-phase
contact lines are pinned at the Pt—PE boundaries within a
huge pressure-difference range (—166 kPa < Py = Pliguia < 288
kPa) due to Laplace pressure (Supporting Information Part 2).
Such pinning effect provides great ease and flexibility for
reactor design in practical applications. (iii) Water can be
continuously supplied to the gas—liquid menisci to compensate
for evaporation since a plentiful amount of aqueous electrolyte
is stored as a water reservoir with direct connection to the
gas—liquid menisci without blocking the gas diffusion pathway.

We benchmarked three-phase catalysis against conventional
heterogeneous catalysis by using a fixed-bed type reactor
(Figure 3a and Supporting Figure 3a). The reactor is
composed of two chambers. A 6 cm*-large membrane separates
the upper chamber, which contains 0.6 mL of 0.1 M NaOH
aqueous solution, from the lower chamber, where 10 mg m™>
formaldehyde-contaminated air passes through at a flow rate of
40 mL min~". The thicknesses of both chambers are 1 mm.
Further, 0.3 mL of 0.1 M NaOH is stored in the graduated
cylinder with connection to the liquid chamber in order to
compensate for evaporation during the tests. We conducted a
series of experiments with four different membrane config-
urations and measured the outlet formaldehyde concentration
over S days (Figure 3b).

For three-phase catalysis (entry 1 in Figure 3b), a Pt—
nanoPE membrane was used with the Pt-coated side facing
toward the liquid chamber. The result shows that a 99.8%
removal efficiency was kept after S days on stream, with an
outlet formaldehyde concentration of 0.02 mg/m? which is
well below the WHO indoor air quality guideline' (0.1 mg
m™?). For conventional heterogeneous catalysis (entry 2), the
Pt—nanoPE membrane in entry 1 was flipped over with the Pt-
coated side exposed toward the gas chamber and the PE side
sealed by an acrylic sheet (Supporting Figure 3b). The result
shows that less than 10% removal efficiency was achieved,
which is much less than that of three-phase catalysis. In order
to confirm that the extraordinary performance of three-phase
catalysis was not merely due to dissolution, we repeated entry
1 with a nanoPE membrane without Pt coating (entry 3). Not
surprisingly, dissolved formaldehyde accumulated in the liquid
chamber rather than being oxidized, and finally, the dissolution
reached equilibrium. In the last experiment of this series, we
repeated entry 2 without sealing the PE side (entry 4), which
can be regarded as a simple combination of heterogeneous
catalysis and dissolution. The poor performance of entry 4
compared to the performance of entry 1 corroborates that the
synergistic effect between Pt and electrolyte arises from the
thoughtfully designed assembly as shown in Figure 2a, where
nanoPE plays an essential role. The results of entries 1—4
successfully demonstrate the supremacy of three-phase
catalysis over conventional heterogeneous catalysis.

The complexity stemming from the coupling of the
dissolution kinetics and the degradation kinetics in the fixed-
bed type reactor hinders their quantitative analysis. Therefore,
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we designed a stirred-tank type reactor (Figure 3c and
Supporting Figure 3c), the major differences of which from
the fixed-bed type reactor are as follows. (i) The volume of the
liquid chamber is expanded by 10-fold, providing enough
solution for sampling. (ii) Two magnetic stirrers are added,
enabling a homogeneous concentration for quantification. We
first used the reactor to quantitatively measure the
thermodynamics and kinetics of the dissolution of form-
aldehyde in 0.1 M NaOH, the experimental details and results
of which are provided in Supporting Information Part 4. We
then used the reactor to study the effects of Pt, electrolyte, gas
composition, etc., on the degradation kinetics of formaldehyde
(Figure 3d). In a typical experiment, formaldehyde was
predissolved in the liquid chamber with an initial concentration
of 1 g L', and uncontaminated air passed through the gas
chamber to deliver O,. The concentration of formaldehyde in
the liquid chamber was measured over 3 h.

Entry S in Figure 3d is a positive control that represents
three-phase catalysis. As expected, the concentration of
formaldehyde rapidly decreased, and merely 0.7 mg L™" (i.e.,
99.93% removal efficiency) formaldehyde remained in the
electrolyte after 3 h. In entry 6, we used a nanoPE membrane
without Pt coating and observed negligible loss of form-
aldehyde due to vaporization, indicating the critical catalytic
role of Pt. In entry 7, we used deionized (DI) water in place of
0.1 M NaOH and found minimal degradation, suggesting that
the electrolyte is crucial for the fast degradation. In entry 8, the
nanoPE membrane was treated by O, plasma and thus became
hydrophilic. As a result, electrolyte flooded all the pores in
nanoPE, and the diffusion distance for O, in the gas phase to
reach Pt increased from nanoscale to 12 um (i.e., the thickness
of the nanoPE membrane as shown by the inset of Figure 2c).
The insufficient supply of O, slowed the degradation, justifying
the necessity of having the hydrophobic nanoPE to pin the
triple-phase contact lines near Pt. In entry 9, argon instead of
air passed through the gas chamber. The initial ~10%
degradation of formaldehyde was attributed to the dissolved
O,, and no more degradation was observed after the dissolved
O, was consumed, confirming that the degradation of
formaldehyde was due to oxidation by O,. The performance
gap between entries 6—9 and entry 5 clearly shows that Pt,
electrolyte, hydrophobic nanoPE, and O, are indispensable
elements for three-phase catalysis.

To quantitatively compare three-phase catalysis with
conventional heterogeneous catalysis, we measured the
turnover frequency (TOF) in both cases at different form-
aldehyde concentrations (Figure 4), the experimental details of
which are provided in Supporting Information Part S.
Impressively, three-phase catalysis promotes the TOF of Pt
by ~25000 times as compared to conventional heterogeneous
catalysis. Such enhancement is not due to changes in the
intrinsic properties of Pt since the Pt in both cases was
deposited in the same manner. Indeed, such enhancement
presents itself because of the introduction of the electrolyte,
which completely changes the catalytic pathway as explicated
in previous texts. Another remarkable feature of three-phase
catalysis is the excellent fitting of the degradation-kinetics data
with first-order rate law until a TOF of 1000 h™, indicating
that O, delivery is not rate limiting, which justifies the design
of the amphiphilic nanostructure of Pt—nanoPE. On the
contrary, the degradation kinetics for conventional heteroge-
neous catalysis deviates from first-order rate law at a TOF of
merely 0.02 h™".
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Figure 4. Quantitative comparison of the degradation kinetics.
Turnover frequency (TOF, moles of formaldehyde converted per
mole of Pt per hour) is calculated based on the total metal content.
Upper and lower axes represent the concentrations of formaldehyde
in 0.1 M NaOH and air, respectively, which are aligned with each
other according to Henry’s law (i.e., any two concentrations on the
two axes vertically aligned are in thermodynamic equilibrium).

In conclusion, we report the discovery of a new toolkit for
promoting heterogeneous catalysis, namely, constructing a
nanoscale-thin layer of liquid electrolyte on the surface of a
conventional solid catalyst. As demonstrated in our experi-
ments, three-phase catalysis provides a ~ 25000-fold boost in
the activity of Pt for catalyzing the oxidation of formaldehyde.
Such impressive enhancement indicates a high potential for
commercialization, especially considering that Pt is only
~15000 times more expensive than aluminum, the most
abundant metal on Earth. A quantitative comparison of our
result with previous studies (Supporting Information Part 6)
shows that our catalyst, Pt promoted by three-phase catalysis,
is the most economical one, even among many nonprecious-
metal-based catalysts. The areal mass loading of Pt on the Pt—
nanoPE membrane is merely 20 g cm™?, that is, ~$5 m™> On
top of that, nanoPE is widely used in lithium-ion batteries as a
separator to prevent electrical shortin§ and can be mass-
produced at an extremely low cost,” that is, ~$1 m™
Moreover, high-throughput manufacturing of the Pt—nanoPE
membrane is readily achievable since magnetron sputtering is a
very mature technology in semiconductor industry and can be
carried out in a roll-to-roll manner. Finally, we provide an
analytical model in Supporting Information Part 7 as a
guideline for future reactor engineering.

In a broader context, we propose that three-phase catalysis is
potentially applicable for a variety of heterogeneous catalytic
reactions, such as ammonia oxidation,>* methane functional-
ization,> water—gas shift reaction,”® and hydrogenation of
organic compounds.”’ The most vital feature of three-phase
catalysis is the decoupling of electron transfer and mass
transfer, which is enabled by adding a nanoscale-thin layer of
electrolyte that converts the original chemical catalytic process
into two electrochemical catalytic processes. Therefore, the
tremendous amount of published research documenting the
electrochemical behavior of diverse small molecules'”"'***~*
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provides a promising foundation for exploring the versatility of
three-phase catalysis.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03560.

(1) Experimental methods; (2) pinning of the triple-
phase contact lines; (3) supporting schemes for
apparatus setup; (4) dissolution of formaldehyde in
0.1 M NaOH; (S) details on the measurements of TOF;
(6) comparison with literature data; (7) analytical model
for reactor engineering; and (8) more supporting data
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Yi Cui — Department of Materials Science and Engineering,
Stanford University, Stanford, California 94305, United
States; Stanford Institute for Materials and Energy Sciences,
SLAC National Accelerator Laboratory, Menlo Park,
California 94025, United States; ® orcid.org/0000-0002-
6103-6352; Email: yicui@stanford.edu

Authors

Jinwei Xu — Department of Materials Science and Engineering,
Stanford University, Stanford, California 94305, United
States; 0rcid.org/0000—0003—2185—362X

Xin Xiao — Department of Materials Science and Engineering,
Stanford University, Stanford, California 94305, United
States; ® orcid.org/0000-0003-1098-9484

Zewen Zhang — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States; © orcid.org/0000-0002-4909-4330

Yecun Wu — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States; ® orcid.org/0000-0001-6011-4489

David T. Boyle — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States; ® orcid.org/0000-0002-0452-275X

Hiang Kwee Lee — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States

Wenxiao Huang — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States

Yuzhang Li — Department of Chemical and Biomolecular
Engineering, University of California, Los Angeles, California
9009S, United States; © orcid.org/0000-0002-1502-7869

Hansen Wang — Department of Materials Science and
Engineering, Stanford University, Stanford, California 94305,
United States; ® orcid.org/0000-0002-6738-1659

Jun Li — Department of Materials Science and Engineering,
Stanford University, Stanford, California 94305, United
States

Yangying Zhu — Department of Mechanical Engineering,
University of California, Santa Barbara, California 93106,
United States

Baoliang Chen — Department of Environmental Science,
Zhejiang University, Hangzhou, Zhejiang 310058, China;

orcid.org/0000-0001-8196-081X

William Mitch — Department of Civil and Environmental
Engineering, Stanford University, Stanford, California 94305,
United States; © orcid.org/0000-0002-4917-0938

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.0c03560

Author Contributions

V].X. and X.X. contributed equally to this work. J.X. and Y.C.
conceived the initial idea. J.X. designed the catalyst and the
reactors. X.X. designed the method to quantify the
concentration of formaldehyde. J.X. and X.X. conducted the
experiments. Z.Z. performed the SEM characterizations. Y.W.
and W.H. helped with the magnetron sputtering. J.L. and Y.Z.
helped with the device fabrication. J.X,, X.X.,, WM., and Y.C.
wrote the manuscript with input from all coauthors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the use and support of the Stanford Nano
Shared Facilities and the Stanford Nanofabrication Facility.

B REFERENCES

(1) WHO Guidelines for Indoor Air Quality: Selected Pollutants; World
Health Organization: 2010.

(2) Nie, L; Yu, J,; Jaroniec, M; Tao, F. F. Room-Temperature
Catalytic Oxidation of Formaldehyde on Catalysts. Catal. Sci. Technol.
2016, 6 (11), 3649—3669.

(3) Zhang, C.; He, H. A Comparative Study of TiO, Supported
Noble Metal Catalysts for the Oxidation of Formaldehyde at Room
Temperature. Catal. Today 2007, 126 (3—4), 345—350.

(4) Zhang, C; Liu, F.; Zhai, Y.; Ariga, H.; Yi, N.; Liu, Y.; Asakura,
K.; Flytzani-Stephanopoulos, M.; He, H. Alkali-Metal-Promoted Pt/
TiO, Opens a More Efficient Pathway to Formaldehyde Oxidation at
Ambient Temperatures. Angew. Chem., Int. Ed. 2012, 51 (38), 9628—
9632.

(S) Zhang, C.; He, H,; Tanaka, K. Catalytic Performance and
Mechanism of a Pt/TiO, Catalyst for the Oxidation of Formaldehyde
at Room Temperature. Appl. Catal, B 2006, 65 (1-2), 37—43.

(6) Kim, G.J.; Lee, S. M,; Chang Hong, S.; Kim, S. S. Active Oxygen
Species Adsorbed on the Catalyst Surface and Its Effect on
Formaldehyde Oxidation over Pt/TiO, Catalysts at Room Temper-
ature; Role of the Pt Valence State on This Reaction? RSC Adv. 2018,
8 (7), 3626—3636.

(7) Krapivsky, P. L. Kinetics of Monomer-Monomer Surface
Catalytic Reactions. Phys. Rev. A: At, Mol, Opt. Phys. 1992, 45 (2),
1067—1072.

(8) Kwasniewski, V. J.; Schmidt, L. D. Surface Diffusion of CO on
Pt(111). Surf. Sci. 1992, 274 (3), 329—340.

(9) Silbaugh, T. L.; Karp, E. M.; Campbell, C. T. Energetics of
Formic Acid Conversion to Adsorbed Formates on Pt(111) by
Transient Calorimetry. J. Am. Chem. Soc. 2014, 136 (10), 3964—3971.

(10) Stansbury, E. E.; Buchanan, R. A. Fundamentals of Electro-
chemical Corrosion; ASM International: 2000.

(11) Nakabayashi, S.; Yagi, I; Sugiyama, N.; Tamura, K.; Uosaki, K.
Reaction Pathway of Four-Electron Oxidation of Formaldehyde on
Platinum Electrode as Observed by in Situ Optical Spectroscopy. Surf.
Sci. 1997, 386 (1-3), 82—88.

(12) Samjeské, G.; Miki, A.; Osawa, M. Electrocatalytic Oxidation of
Formaldehyde on Platinum under Galvanostatic and Potential Sweep
Conditions Studied by Time-Resolved Surface-Enhanced Infrared
Spectroscopy. J. Phys. Chem. C 2007, 111 (41), 15074—15083.

(13) Ge, X; Sumboja, A;; Wuu, D.; An, T,; Li, B; Goh, F. W. T,;
Hor, T. S. A.; Zong, Y.; Liu, Z. Oxygen Reduction in Alkaline Media:
From Mechanisms to Recent Advances of Catalysts. ACS Catal. 2015,
S (8), 4643—4667.

https://dx.doi.org/10.1021/acs.nanolett.0c03560
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03560?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03560/suppl_file/nl0c03560_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6103-6352
http://orcid.org/0000-0002-6103-6352
mailto:yicui@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinwei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2185-362X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1098-9484
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zewen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4909-4330
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yecun+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6011-4489
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+T.+Boyle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0452-275X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiang+Kwee+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenxiao+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzhang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1502-7869
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hansen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6738-1659
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangying+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoliang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8196-081X
http://orcid.org/0000-0001-8196-081X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+Mitch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4917-0938
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03560?ref=pdf
https://dx.doi.org/10.1039/C6CY00062B
https://dx.doi.org/10.1039/C6CY00062B
https://dx.doi.org/10.1016/j.cattod.2007.06.010
https://dx.doi.org/10.1016/j.cattod.2007.06.010
https://dx.doi.org/10.1016/j.cattod.2007.06.010
https://dx.doi.org/10.1002/anie.201202034
https://dx.doi.org/10.1002/anie.201202034
https://dx.doi.org/10.1002/anie.201202034
https://dx.doi.org/10.1016/j.apcatb.2005.12.010
https://dx.doi.org/10.1016/j.apcatb.2005.12.010
https://dx.doi.org/10.1016/j.apcatb.2005.12.010
https://dx.doi.org/10.1039/C7RA11294G
https://dx.doi.org/10.1039/C7RA11294G
https://dx.doi.org/10.1039/C7RA11294G
https://dx.doi.org/10.1039/C7RA11294G
https://dx.doi.org/10.1103/PhysRevA.45.1067
https://dx.doi.org/10.1103/PhysRevA.45.1067
https://dx.doi.org/10.1016/0039-6028(92)90838-W
https://dx.doi.org/10.1016/0039-6028(92)90838-W
https://dx.doi.org/10.1021/ja412878u
https://dx.doi.org/10.1021/ja412878u
https://dx.doi.org/10.1021/ja412878u
https://dx.doi.org/10.1016/S0039-6028(97)00329-4
https://dx.doi.org/10.1016/S0039-6028(97)00329-4
https://dx.doi.org/10.1021/jp0743020
https://dx.doi.org/10.1021/jp0743020
https://dx.doi.org/10.1021/jp0743020
https://dx.doi.org/10.1021/jp0743020
https://dx.doi.org/10.1021/acscatal.5b00524
https://dx.doi.org/10.1021/acscatal.5b00524
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03560?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

(14) Al-Fozan, S. A; Malik, A. U. Effect of Seawater Level on
Corrosion Behavior of Different Alloys. Desalination 2008, 228 (1—
3), 61—67.

(15) Kudo, K; Suzuki, T.; Morimoto, Y. Analysis of Oxygen
Dissolution Rate from Gas Phase into Nafion Surface and
Development of an Agglomerate Model. ECS Trans. 2010, 33 (1),
1495—1502.

(16) Park, S; Lee, J.-W.; Popov, B. N. A Review of Gas Diffusion
Layer in PEM Fuel Cells: Materials and Designs. Int. . Hydrogen
Energy 2012, 37 (7), 5850—586S.

(17) Dinh, C.-T.; Burdyny, T.; Kibria, M. G.; Seifitokaldani, A.;
Gabardo, C. M.; Garcia de Arquer, F. P.; Kiani, A.; Edwards, J. P.; De
Luna, P.; Bushuyev, O. S.; Zou, C.; Quintero-Bermudez, R.; Pang, Y.;
Sinton, D.; Sargent, E. H. CO, Electroreduction to Ethylene via
Hydroxide-Mediated Copper Catalysis at an Abrupt Interface. Science
2018, 360 (6390), 783—787.

(18) Li, J.; Chen, G,; Zhu, Y,; Liang, Z.; Pei, A,; Wu, C.-L.; Wang,
H.; Lee, H. R;; Liu, K.; Chu, S.; Cui, Y. Efficient Electrocatalytic CO2
Reduction on a Three-Phase Interface. Nat. Catal. 2018, 1 (8), 592—
600.

(19) Xia, C.; Xia, Y; Zhu, P,; Fan, L; Wang, H. Direct
Electrosynthesis of Pure Aqueous H,0, Solutions up to 20% by
Weight Using a Solid Electrolyte. Science 2019, 366 (6462), 226—231.

(20) O’Hayre, R; Barnett, D. M.; Prinz, F. B. The Triple Phase
Boundary: A Mathematical Model and Experimental Investigations
for Fuel Cells. J. Electrochem. Soc. 2005, 152 (2), A439.

(21) Kishimoto, M.; Lomberg, M.; Ruiz-Trejo, E.; Brandon, N. P.
Enhanced Triple-Phase Boundary Density in Infiltrated Electrodes for
Solid Oxide Fuel Cells Demonstrated by High-Resolution Tomog-
raphy. J. Power Sources 2014, 266, 291—295.

(22) Li, J.; Zhu, Y.; Chen, W.; Lu, Z.; Xu, J.; Pei, A.; Peng, Y.; Zheng,
X.; Zhang, Z.; Chu, S.; Cui, Y. Breathing-Mimicking Electrocatalysis
for Oxygen Evolution and Reduction. Joule 2019, 3 (2), 557—569.

(23) Arora, P; Zhang, Z. ]. Battery Separators. Chem. Rev. 2004, 104
(10), 4419—4462.

(24) Wang, F; Ma, J; He, G; Chen, M,; Zhang, C; He, H.
Nanosize Effect of Al,O; in Ag/Al,O; Catalyst for the Selective
Catalytic Oxidation of Ammonia. ACS Catal. 2018, 8 (4), 2670—
2682.

(25) Latimer, A. A.; Kulkarni, A. R;; Aljama, H.; Montoya, J. H.;
Yoo, J. S; Tsai, C.; Abild-Pedersen, F.; Studt, F.; Norskov, J. K.
Understanding Trends in C-H Bond Activation in Heterogeneous
Catalysis. Nat. Mater. 2017, 16 (2), 225—229.

(26) Zhai, Y.; Pierre, D.; Si, R.; Deng, W.; Ferrin, P.; Nilekar, A. U,;
Peng, G.; Herron, J. A,; Bell, D. C; Saltsburg, H.; Mavrikakis, M.;
Flytzani-Stephanopoulos, M. Alkali-Stabilized Pt-OH, Species Cata-
lyze Low-Temperature Water-Gas Shift Reactions. Science 2010, 329
(5999), 1633—1636.

(27) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, I. D.
Heterogeneous Catalytic Transfer Hydrogenation and Its Relation
to Other Methods for Reduction of Organic Compounds. Chem. Rev.
1985, 85 (2), 129—170.

(28) Cong, Y; Yi, B; Song, Y. Hydrogen Oxidation Reaction in
Alkaline Media: From Mechanism to Recent Electrocatalysts. Nano
Energy 2018, 44, 288—303.

(29) Siddharth, K.; Chan, Y.; Wang, L.; Shao, M. Ammonia Electro-
Oxidation Reaction: Recent Development in Mechanistic Under-
standing and Electrocatalyst Design. Curr. Opin. Electrochem. 2018, 9,
151—-157.

(30) Ly, J.; Zhu, C.; Pan, C.; Lin, W.; Lemmon, J. P.; Chen, F.; Li,
C.; Xie, K. Highly Efficient Electrochemical Reforming of CH,/CO,
in a Solid Oxide Electrolyser. Sci. Adv. 2018, 4 (3), No. eaar5100.

(31) Cui, X;; Su, H.-Y.; Chen, R;; Yu, L.; Dong, J.; Ma, C.; Wang, S.;
Li, J.; Yang, F,; Xiao, J.; Zhang, M.; Ma, D.; Deng, D.; Zhang, D. H,;
Tian, Z.; Bao, X. Room-Temperature Electrochemical Water-Gas
Shift Reaction for High Purity Hydrogen Production. Nat. Commun.
2019, 10 (1), 86.

(32) Fu, N,; Sauer, G. S.; Saha, A,; Loo, A.; Lin, S. Metal-Catalyzed
Electrochemical Diazidation of Alkenes. Science 2017, 357 (6351),
575-579.

https://dx.doi.org/10.1021/acs.nanolett.0c03560
Nano Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1016/j.desal.2007.08.007
https://dx.doi.org/10.1016/j.desal.2007.08.007
https://dx.doi.org/10.1149/1.3484642
https://dx.doi.org/10.1149/1.3484642
https://dx.doi.org/10.1149/1.3484642
https://dx.doi.org/10.1016/j.ijhydene.2011.12.148
https://dx.doi.org/10.1016/j.ijhydene.2011.12.148
https://dx.doi.org/10.1126/science.aas9100
https://dx.doi.org/10.1126/science.aas9100
https://dx.doi.org/10.1038/s41929-018-0108-3
https://dx.doi.org/10.1038/s41929-018-0108-3
https://dx.doi.org/10.1126/science.aay1844
https://dx.doi.org/10.1126/science.aay1844
https://dx.doi.org/10.1126/science.aay1844
https://dx.doi.org/10.1149/1.1851054
https://dx.doi.org/10.1149/1.1851054
https://dx.doi.org/10.1149/1.1851054
https://dx.doi.org/10.1016/j.jpowsour.2014.05.038
https://dx.doi.org/10.1016/j.jpowsour.2014.05.038
https://dx.doi.org/10.1016/j.jpowsour.2014.05.038
https://dx.doi.org/10.1016/j.joule.2018.11.015
https://dx.doi.org/10.1016/j.joule.2018.11.015
https://dx.doi.org/10.1021/cr020738u
https://dx.doi.org/10.1021/acscatal.7b03799
https://dx.doi.org/10.1021/acscatal.7b03799
https://dx.doi.org/10.1038/nmat4760
https://dx.doi.org/10.1038/nmat4760
https://dx.doi.org/10.1126/science.1192449
https://dx.doi.org/10.1126/science.1192449
https://dx.doi.org/10.1021/cr00066a003
https://dx.doi.org/10.1021/cr00066a003
https://dx.doi.org/10.1016/j.nanoen.2017.12.008
https://dx.doi.org/10.1016/j.nanoen.2017.12.008
https://dx.doi.org/10.1016/j.coelec.2018.03.011
https://dx.doi.org/10.1016/j.coelec.2018.03.011
https://dx.doi.org/10.1016/j.coelec.2018.03.011
https://dx.doi.org/10.1126/sciadv.aar5100
https://dx.doi.org/10.1126/sciadv.aar5100
https://dx.doi.org/10.1038/s41467-018-07937-w
https://dx.doi.org/10.1038/s41467-018-07937-w
https://dx.doi.org/10.1126/science.aan6206
https://dx.doi.org/10.1126/science.aan6206
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03560?ref=pdf

