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The capability to actively control chemical reactions has enormous implications for energy generation
and conversion. By integrating theory and experiments, we achieved an in-situ regulation of formic acid
oxidation on a Pt (111) surface via externally applied strains. The first-principles theory predicted that
compressive strains can lower the reaction overpotential to boost the formate pathway and alleviate
CO poisoning on the Pt surface, while tensile strains should have the opposite effects. The experimental
observations confirmed the theoretical predictions. Compressive elastic strains (approximately -0.4%)
could create over 75 mV overpotential decrease, far beyond what was achieved in previous works. A mass
activity (~700 mA/mg) of Pt was achieved in a broad potential range of 0.4–0.85 V (vs RHE) under com-
pressive strains. There was no evident activity loss during the chronoamperometry test at 0.6 V. The first-
principles theory, controlled synthesis and in-situ measurements were combined to achieve active con-
trol, which represents important progress in tuning the electrocatalytic activity of formic acid oxidation.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Fuel cells can convert chemical energy into electricity using
hydrogen gas or organic molecules as fuel sources. Formic acid,
as a sustainable resource, can be produced as a side product in bio-
mass transformation [1–5]. The electrochemical formic acid oxida-
tion reaction (FAOR) has attracted recent interest thanks to the
significant advantages that formic acid exhibits as a fuel in the fuel
cell applications, including low operating temperatures, fast kinet-
ics, and relatively low transport across the membrane [6–9]. Plat-
inum (Pt) is one of the most studied catalysts in the FAOR
because of its excellent and well documented electrocatalytic
properties [2,10–13]. The FAOR reaction pathways on the Pt
(111) surface have been established [13–19], including a direct
pathway via COOH intermediates, formate medium and an indirect
pathway retarded by CO poisoning.

Significant research efforts have been devoted to enhancing
FAOR activity, with emphasis on the development of novel cata-
lysts [20–25]. In this paper, we explore an alternative strategy in
which elastic strains are applied to the Pt surface to optimize the
catalytic activity. Elastic strains can be applied to metal catalysts
either actively or passively. One of the most successful examples
of passive straining includes core/shell nano-structures [22–27],
and the effectiveness of the straining depends on the lattice misfits
of the core/shell materials. However, materials with large lattice
misfits are not necessarily good catalysts. Active straining, how-
ever, does not suffer from this limitation. One can apply strains -
tension, compression, or even oscillations between them - directly
to catalytically active materials via external loading as long as the
materials can sustain the load, thereby allowing active control of
surface strains. However, generating sufficient elastic strains on
metal surfaces is highly challenging because metals tend to relax
elastic strains through plastic deformations. Nonetheless, progress
has been made in the active straining of metal catalysts. For exam-
ple, elastic strains have been applied to metal films, including films
composed of Au, Pt, Pd-derived metallic glasses, NiTi alloys, etc. to
enhance their oxygen reduction reaction (ORR) activities [28–34].
We have recently developed an experimental approach to regulate
the hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER) on metallic films [35–37]. To the best of our knowledge,
there have been no studies to directly utilize elastic strain for tun-
ing the FAOR. In this work, we extended the approach to the FAOR
and an important motivation was to demonstrate that the well-
known problem of CO poisoning on metal catalysts can be miti-
gated by elastic strains. Because CO poisoning is a common prob-
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lem in electrocatalysis, especially for CO2 reduction reactions, our
study will have a broad impact on electrocatalysis and could
inspire future work in this emerging area of research.
2. Methodology

2.1. Computational methodology

The first principles calculations were performed based on den-
sity functional theory using the projector-augmented wave
method as implemented in Vienna Ab-initio Simulation Package
(VASP). The exchange and correlation functional was described
by the Generalized Gradient Approximation (GGA) with the PBE
parameterization. The energy cutoff of 500 eV for plane wave func-
tions was used for structure optimization and self-consistent field
calculations. A vacuum region of about 15 Å was used to eliminate
interactions between the slabs. DFT-D3 functional was used to
describe the dispersion correction [38], and the solvation effect
due to water was described by an implicit solvation model [39].
More details are provided in the Supplementary material.
2.2. Electrochemical measurements

The chemicals, Pt thin film synthesis, catalyst characterization
are described in the Supplementary material. Electrochemical
studies of the FAOR were carried out using a three electrode sys-
tem, whereas the Metro (Multi Autolab 204) electrochemistry
workstation and Instron machine. The initial clyclic voltammetry
(CV) scans were collected from 0 to 1.15 V under the Argon (Ar,
ultra-high purity of 99.999%) saturated 0.1 M HClO4 using the scan
Fig. 1. (a) Reaction pathways for the oxidation of formic acid on Pt (111) surface. (b) Fr
reactant (HCOOH), intermediates (HCOO and CO) and product (CO2) are represented by h
reactant and the product. (c) Computational models displaying the adsorption of the react
(bottom) view. (d) Change in the free energy of *HCOO and *CO on Pt (111) surface as a
tension and compression, respectively.
rate of 50 mV s�1. CVs of the FAOR were obtained in an Ar-
saturated 0.1 M HClO4 + 0.1 M HCOOH electrolyte with the same
scan rate. Chronoamperometry tests were performed at 0.6 VRHE.
The CVs collected without FA (Fig. S1), with FA at 0% and �0.4%
strain (Fig. S2) were shown in the Supplementary material. All
the experiments were repeated five times to confirm reproducibil-
ity. More details are depicted in the Supplementary material.
3. Results and discussion

Previous works indicated that formate (HCOO) adsorbate in the
bidentate configuration with two oxygen atoms bounded to Pt sur-
face is one of the key intermediates involved in the FAOR
[10,13,40–43]. In addition, FAOR can also take place via an indirect
pathway through CO formation and subsequent oxidation of CO to
CO2. Hence, we focus on the two key pathways as shown in Fig. 1a.
We first determine the free energy diagrams for the two pathways,
as shown in Fig. 1b. Note that the free energies of the reactant
HCOOH (GHCOOH) and the product CO2 (GCO2) are known quantities,
independent of the surface [44,45]. In the free energy diagram, we
set GHCOOH = 0. The free energies of the intermediate CO (GCO) in
the indirect oxidation and HCOO (GHCOO) in the formate pathway
were computed from first-principles. For the indirect oxidation,
the adsorption of CO on Pt (111) is highly stable with a free energy
gain of �1.1144 eV. As a result, the oxidation of CO* to form CO2 is
endothermic with a free energy increase of 0.8634 eV. The CO poi-
soning on the Pt surface was attributed to the strongly adsorbed
CO along with the high energy cost for its oxidation. As for the for-
mate pathway, the formation of *HCOO is endothermic with DG of
0.2803 eV, which is the overpotential determining step for FAOR.
ee energy diagram for the reaction pathways shown in (a). The free energies of the
orizontal bars. The dashed horizontal bar indicates the mid-point free energy of the
ion intermediates (HCOO and CO) on the Pt (111) surface in the side (upper) and top
function of the applied strain. Positive and negative strains correspond to uniaxial



Z. Niu et al. / Journal of Catalysis 389 (2020) 631–635 633
Fig. 1d shows the changes of GHCOO and GCO as functions of the uni-
axial strain along the b axis (Fig. 1c) on the Pt (111) surface. GHCOO

increased and GCO decreased monotonically as functions of the
strain. In particular, the compression lowered GHCOO, while the ten-
sion increases it. On the contrary, the compression increases GCO

while the tension lowered it. Therefore, the compressive strains
are expected to boost the formate pathway of FAOR by lowering
GHCOO and the overpotential gHCOO. Furthermore, compression
can also alleviate CO poisoning by increasing GCO, reducing the
CO binding on the surface. In other words, the compressive strains
were predicted to enhance the oxidation of formic acid: the larger
the strain, the greater the enhancement. The tensile strains were
predicted to have the opposite effects on the FAOR.

To probe the influence of the elastic strains on the FAOR exper-
imentally, we first fabricated 20 nm Pt thin films by DC-magnetron
sputtering, which allowed for controllable synthesis, similar to our
previous work [34]. The strain was applied in-situ during the FAOR
and evaluated using a three-electrode facility with Ar-saturation in
acidic media (0.1 M HClO4 + 0.1 M HCOOH). The experimental
setup was similar to our previous studies [35,37]. After assembling
of the electrocatalytic work station and strain-controlled working
electrode system, the electrochemical test was firstly passed
through 100 CV scans using a sweep rate of 50 mV s�1 to achieve
a stable state on the surface of the Pt electrode. The 20 nm Pt films
on the polymethyl methacrylate (PMMA) substrates were then
sustained to the strain cycle as depicted in Fig. 2a. During the strain
tuning of the electrocatalysis process, the electrode was held at the
specified strains while multiple CV scans (0%, ±0.2% and ±0.4%)
were performed. The peaks in the region of 0.10–0.28 V were
related to hydrogen adsorption and desorption on the Pt. The oxi-
dation/reduction peaks of the Pt thin films appeared at approxi-
mately 0.7 V/0.60 V. When a strain was applied, the oxidization/
Fig. 2. (a) Schematic illustration of the loading history on Pt films deposited on PMM
Representative view of CVs obtained at tensile strains of 0%, 0.2% and 0.4%. (c) Representa
change versus strain calculated in the current density range of 0.55 to 0.65 mA/cm2. No
reduction peaks shifted to approximately 0.83 V/0.59 V. This Pt
oxidation potential shift was due to the strain, which significantly
enhanced of the catalytic dehydrogenation reactions rather than
the dehydration of formic acid [14]. When the strain was applied
in-situ (e.g., at �0.4% nominal strain), it could create over ~75 mV
overpotential decrease. Fig. 2b displays the shift of the CVs versus
each tensile strain values of 0%, 0.2% and 0.4%. Fig. 2b shows a sys-
tematic shift of the CV curve as a function of strain, whereas the
applied tensile strain moves CVs to the right (lower current and
higher overpotential), thus decreasing catalytic oxidation activity.
Due to the relaxation effect of PMMA substrate, the unloading
went to 0% has minor difference as the loading section. As shown
in Fig. 2c, compressive strains yielded the opposite trend, that is,
they caused the CV curves to shift upward with much higher cur-
rent density, increasing the activity. The significant activity
enhancement could be attributed to the strain effect weakening
the CO accumulation on the Pt surface during the FAOR and simul-
taneously enhancing the electrochemical activity [1,10,39].

Fig. 2d depicts the voltage change induced by the strain and
confirms the following important traits, (1) The voltage change
was approximately linearly with the elastic strain for Pt films in
the strain range from 0 to 0.4%. The magnitude of the slope was
~185 mV per 1% strain, which is far beyond what was achieved
in previous work; (2) The compressive strain increased the FAOR
activity. The �0.4% strain led to a decrease in the overpotential
with 75.6 mV. This matched with the theoretical predictions, as
depicted in the Fig. 1. (3) The experimental data clearly demon-
strated the strain effect in the FAOR, which can offer useful guid-
ance for the regulation of other electrocatalytic systems. After
the electrocatalytic FAOR proceeded for 2000 s at strains of 0.4%
and �0.4%, nearly no change was occurred (Fig. S3), suggesting
the highelectrocatalytic stability.
A substrate, showing progressively increasing tensile and compressive strains. (b)
tive CVs obtained at compressive strains of 0%, �0.1%, �0.2% and �0.4%. (d) Voltage
te the systematic shift of oxidation and reduction peaks in CV curves with strain.



Fig. 3. Atomic force microscopy (AFM) images of the fresh (a and b) and spent (c and d) Pt thin films.
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To ascertain the stability during the strain tuning of the FAOR, X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
were performed on the as-synthesized and spent Pt thin films after
the FAOR. As shown in Fig. S4a, the XRD pattern mainly present
the peaks of the PMMA substrate and Pt film exhibited (111),
(200) and weak (220) planes. XRD patterns of the Pt films before
and after the experiments showed nearly the same crystal phase,
with no other measurable phases, confirming the high stability dur-
ing the strain tests. XPS survey (Fig. S4b) of the spent metal Pt thin
films showed the existence of Pt, C and O and there is no Cl to be
formed, indicating that electrolyte only adsorbed on the surface.
The Pt and C spectra are shown in Fig. 3c and d, confirming that
Pt0 was present on the surface of the spent Pt films [35].

Scanning electron microscopy (SEM, Fig. S5) images of the as-
prepared and spent Pt films after the FAOR indicated that the Pt
films did not exhibit any mechanical damage such as cracking or
delamination. Based on the AFM analysis (Fig. 3) of the Pt films
after electrochemical FAOR tests, the films still exhibited a low
roughness values (Ra = 2.9 nm) that wree close to the fresh one,
suggesting that the geometric current density was the proper
way to measure the electrocatalytic FAOR performance. To exam-
ine the surface homogeneity, surface mapping (Fig. S6) was mea-
sured using a SuperView optical surface profiler to measure the
feature heights from <1.5 nm up to 10,000 lm. The Pt thin films
exhibited homogeneous surfaces before and after the FAOR. All
these data confirmed the high stability of the Pt films during the
strain tuning of the FAOR.
4. Conclusions

In conclusion, through the combination of first-principle model-
ing and in-situ experiments, we demonstrated that externally
applied elastic strains can strongly regulate the FAOR activities of
Pt thin films in a predictable way. The first-principles theory pre-
dicted that the uniaxial compressive strains could lower the over-
potential for the FAOR, boost the formate pathway of FAOR, reduce
the CO binding on the surface, and alleviate the CO poisoning on
the Pt (111) surface. The uniaxial tensile strains were predicted
to have the opposite effects. The experiments confirmed the theo-
retical predictions and revealed that the compressive elastic strains
promote the FAOR. The integration of experimental and computa-
tional study offers new insights into the in-situ tuning of electro-
catalytic reactions.
CRediT author statement

Gang Lu: Theory calculation, writing. Kai Yan: Idea, experimen-
tal work, writing, submission.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The experimental work is supported by Key Research & Devel-
opment Program of Guangdong Province (2019B110209003),
Guangdong Basic and Applied Basic Research Foundation
(2019B1515120058,2020A1515011149), National Natural Science
Foundation of China (21776324), National Key R&D Program of
China (2018YFD0800700), National Ten Thousand Talent Plan, Fun-
damental Research Funds for the Central Universities (19lgzd25),



Z. Niu et al. / Journal of Catalysis 389 (2020) 631–635 635
and Hundred Talent Plan from Sun Yat-Sen University. The theory
work at California State University Northridge was supported by U.
S. National Science Foundation (DMR1828019).

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcat.2020.07.004.

References

[1] S.I. Choi, J.A. Herron, J. Scaranto, H. Huang, Y. Wang, X. Xia, T. Lv, J. Park, H.C.
Peng, M. Mavrikakis, Y. Xia, A comprehensive study of formic acid oxidation on
palladium nanocrystals with different types of facets and twin defects,
ChemCatChem 7 (2015) 2077–2084.

[2] J.V. Perales-Rondón, E. Herrero, J.M. Feliu, Effects of the anion adsorption and
pH on the formic acid oxidationreaction on Pt(111) electrodes, Electrochim.
Acta 140 (2014) 511–517.

[3] J. Joo, T. Uchida, A. Cuesta, M.T.M. Koper, M. Osawa, Importance of acid-base
equilibrium in electrocatalytic oxidation of formic acid on platinum, J. Am.
Chem. Soc. 135 (2013) 9991–9994.

[4] M. Zhang, Y. Liu, B. Liu, Z. Chen, H. Xu, K. Yan, Trimetallic NiCoFe-layered
double hydroxides nanosheets efficient for oxygen evolution and highly
selective oxidation of biomass-derived 5-hydroxymethylfurfural, ACS Catal. 10
(2020) 5179–5189.

[5] L. Zhang, S.-I. Choi, J. Tao, H.-C. Peng, S. Xie, Y. Zhu, Z. Xie, Y. Xia, Pd-Cu
bimetallic tripods: a mechanistic understanding of the synthesis and their
enhanced electrocatalytic activity for formic acid oxidation, Adv. Funct. Mater.
24 (2014) 7520–7529.

[6] T. Jin, S. Guo, J.l. Zuo, S. Sun, Synthesis and assembly of Pd nanoparticles on
graphene for enhanced electrooxidation of formic acid, Nanoscale 5 (2013)
160–163.

[7] N. Yang, Z. Zhang, B. Chen, Y. Huang, J. Chen, Z. Lai, Y. Chen, M. Sindoro, A.L.
Wang, H. Cheng, Z. Fan, X. Liu, B. Li, Y. Zong, L. Gu, H. Zhang, Synthesis of
ultrathin PdCu alloy nanosheets used as a highly efficient electrocatalyst for
formic acid oxidation, Adv. Mater. 29 (2017) 1700769.

[8] R. Iyyamperumal, L. Zhang, G. Henkelman, R.M. Crooks, Efficient
electrocatalytic oxidation of formic acid using Au@Pt dendrimer-
encapsulated nanoparticles, J. Am. Chem. Soc. 135 (2013) 5521–5524.

[9] K.I. Choi, M.A. Vannice, CO, oxidation over Pd and Cu catalysts IV. Prereduced
Al2O3-supported copper, J. Catal. 131 (1991) 22–35.

[10] E. Herrero, J.M. Feliu, Understanding formic acid oxidation mechanism on
platinum single crystal electrodes, Curr. Opin. Electrochem. 9 (2018) 145–150.

[11] M. Osawa, K.-I. Komatsu, G. Samjeské, T. Uchida, T. Ikeshoji, A. Cuesta, C.
Gutiérrez, The role of bridge-bonded adsorbed formate in the electrocatalytic
oxidation of formic acid on platinum, Angew. Chem. Int. Ed. 50 (2011) 1159–
1163.

[12] M. Neurock, M. Janik, A. Wieckowski, A first principles comparison of the
mechanism and site requirements for the electrocatalytic oxidation of
methanol and formic acid over Pt, Faraday Discuss. 140 (2009) 363–378.

[13] A. Cuesta, G. Cabello, M. Osawa, C. Gutiérrez, Mechanism of the electrocatalytic
oxidation of formic acid on metals, ACS Catal. 2 (2012) 728–738.

[14] Z. Xi, J. Li, D. Su, M. Muzzio, C. Yu, Q. Li, S. Sun, Stabilizing CuPd nanoparticles
via CuPd coupling to WO2.72 nanorods in electrochemical oxidation of formic
acid, J. Am. Chem. Soc. 139 (2017) 15191–15196.

[15] V. Briega-Martos, J. Solla-Gullon, M.T.M. Koper, E. Herrero, J.M. Feliu,
Electrocatalytic enhancement of formic acid oxidation reaction by
acetonitrile on well-defined platinum surfaces, Electrochim. Acta 295 (2019)
835–845.

[16] B.Y. Xia, H.B. Wu, Y. Yan, X.W. Lou, X. Wang, Ultrathin and ultralong single-
crystal platinum nanowire assemblies with highly stable electrocatalytic
activity, J. Am. Chem. Soc. 135 (2013) 9480–9485.

[17] H. Wang, Z.P. Liu, Formic acid oxidation at Pt/H2O interface from periodic DFT
calculations integrated with a continuum solvation model, J. Phys. Chem. C
113 (2009) 17502–17508.

[18] W. Gao, J.A. Keith, J. Anton, T. Jacob, Theoretical elucidation of the competitive
electro-oxidation mechanisms of formic acid on Pt(111), J. Am. Chem. Soc. 132
(2010) 18377–18385.

[19] K.A. Schwarz, R. Sundararaman, T.P. Moffatc, T.C. Allison, Formic acid oxidation
on platinum: a simple mechanistic study, PCCP 17 (2015) 20805–20813.

[20] H.A. Miller, A. Lavacchi, F. Vizza, M. Marelli, F. Di Benedetto, F. D’Acapito, Y.
Paska, M. Page, D.R. Dekel, A Pd/C-CeO2 anode aatalyst for high-performance
platinum-free anion exchange membrane fuel cells, Angew. Chem. Int. Ed. 55
(2016) 6004–6007.
[21] S.J. Freakley, Q. He, J.H. Harrhy, L. Lu, D.A. Crole, D.J. Morgan, E.N. Ntainjua, J.K.
Edwards, A.F. Carley, A.Y. Borisevich, C.J. Kiely, G.J. Hutchings, Palladium-tin
catalysts for the direct synthesis of H2O2 with high selectivity, Science 351
(2016) 965–968.

[22] P. Strasser, S. Koh, T. Anniyev, J. Greeley, K. More, C. Yu, Z. Liu, S. Kaya, D.
Nordlund, H. Ogasawara, M.F. Toney, A. Nilsson, Lattice-strain control of the
activity in dealloyed core–shell fuel cell catalysts, Nature Chem. 2 (2010) 454–
460.

[23] J. He, Y. Shen, M. Yang, H. Zhang, Q. Deng, Y. Ding, The effect of surface strain
on the CO-poisoned surface of Pt electrode for hydrogen adsorption, J. Catal.
350 (2017) 212–217.

[24] M. Heggen, M. Oezaslan, L. Houben, P. Strasser, Formation and analysis of
core–shell fine structures in Pt bimetallic nanoparticle fuel cell
electrocatalysts, J. Phys. Chem. C 116 (2012) 19073–19083.

[25] Z. Guo, X. Kang, X. Zheng, J. Huang, S. Chen, PdCu alloy nanoparticles supported
on CeO2 nanorods: enhanced electrocatalytic activity by synergy of
compressive strain, PdO and oxygen vacancy, J. Catal. 374 (2019) 101–109.

[26] S. Zhang, X. Zhang, G. Jiang, H. Zhu, S. Guo, D. Su, G. Lu, S. Sun, Tuning
nnoparticle structure and surface strain for catalysis optimization, J. Am.
Chem. Soc. 136 (2014) 7734–7739.

[27] M.C. Luo, S.J. Guo, Strain-controlled electrocatalysis on multimetallic
nanomaterials, Nature Rev. Mater. 2 (2017) 17059.

[28] Q. Deng, D.H. Gosslar, M. Smetanin, J. Weissmuller, Electrocapillary coupling at
rough surfaces, PCCP 17 (2015) 11725–11731.

[29] Q. Deng, M. Smetanin, J. Weissmüller, Mechanical modulation of reaction rates
in electrocatalysis, J. Catal. 309 (2014) 351–361.

[30] V.A. Sethuraman, D. Vairavapandian, M.C. Lafouresse, T.A. Maark, N. Karan, S.
Sun, U. Bertocci, A.A. Peterson, G.R. Stafford, P.R. Guduru, Role of elastic strain
on electrocatalysis of oxygen reduction reaction on Pt, J. Phys. Chem. C 119
(2015) 19042–19052.

[31] Y. Zheng, Y. Jiao, M. Jaroniec, S.Z. Qiao, Advancing the electrochemistry of the
hydrogen-evolution reaction through combining experiment and theory,
Angew. Chem. Int. Ed. 54 (2015) 52–65.

[32] M. Du, L. Cui, Y. Cao, A.J. Bard, Mechanoelectrochemical catalysis of the effect
of elastic strain on a platinum nanofilm for the ORR exerted by a shape
memory alloy substrate, J. Am. Chem. Soc. 137 (2015) 7397–7403T.

[33] A. Maark, A.A. Peterson, Understanding strain and ligand effects in hydrogen
evolution over Pd(111) surfaces, J. Phys. Chem. C 118 (2014) 4275–4281.

[34] C. Cui, M. Ahmadi, F. Behafarid, L. Gan, M. Neumann, M. Heggen, B. Roldan
Cuenya, P. Strasser, Shape-selected bimetallic nanoparticle electrocatalysts:
evolution of their atomic-scale structure, chemical composition, and
electrochemical reactivity under various chemical environments, Faraday
Discuss. 162 (2013) 91–112.

[35] K. Yan, T.A. Maark, A. Khorshidi, V.A. Sethuraman, A.A. Peterson, P.R. Guduru,
The influence of elastic strain on catalytic activity in the hydrogen evolution
reaction, Angew. Chem. Int. Ed. 55 (2016) 6175–6181.

[36] K. Yan, S.K. Kim, A. Khorshidi, P.R. Guduru, A.A. Peterson, High elastic strain
directly tunes the hydrogen evolution reaction on tungsten carbide, J. Phys.
Chem. C 121 (2017) 6177–6183.

[37] A. Wang, Z. Zhao, D. Hu, J. Niu, M. Zhang, K. Yan, G. Lu, Tuning the oxygen
evolution reaction on a nickel–iron alloy via active straining, Nanoscale 11
(2019) 426–430.

[38] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys. 132 (2010) 154104.

[39] K. Mathew, R. Sundararaman, K. Letchworth-Weaver, T.A. Arias, R.G. Hennig,
Implicit solvation model for densityfunctional study of nanocrystal surfaces
and reaction pathways, J. Chem. Phys. 140 (2014) 084106.

[40] A. Cuesta, G. Cabello, C. Gutiérrez, Masatoshi Osawa, Adsorbed formate: the
key intermediate in the oxidation of formic acid on platinum electrodesw,
Phys. Chem. Chem. Phys. 13 (2011) 20091–20095.

[41] G. Samjeské, M. Osawa, Current oscillations during formic acid oxidation on a
Pt electrode: insight into the mechanism by time-resolved IR spectroscopy,
Angew. Chem. Int. Ed. 44 (2005) 5694–5698.

[42] Y.X. Chen, A. Miki, S. Ye, H. Sakai, M. Osawa, Formate, an active intermediate
for direct oxidation of methanol on Pt electrode, J. Am. Chem. Soc. 125 (2003)
3680–3681.

[43] A. Ferre-Vilaplana, J.V. Perales-Rondón, C. Buso-Rogero, J.M. Feliuc, E. Herrero,
Formic acid oxidation on platinum electrodes: a detailed mechanism
supported by experiments and calculations on well-defined surfaces, J.
Mater. Chem. A 5 (2017) 21773–21784.

[44] G. Kresse, J. Furthmuller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169.

[45] Z.Y. Li, J.P. Wilcoxon, F. Yin, Y. Chen, R.E. Palmer, R.L. Johnston, Structures and
optical properties of 4–5 nm bimetallic AgAu nanoparticles, Faraday Discuss.
138 (2008) 363–373.

https://doi.org/10.1016/j.jcat.2020.07.004
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0005
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0005
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0005
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0005
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0010
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0010
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0010
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0015
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0015
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0015
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0020
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0020
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0020
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0020
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0025
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0025
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0025
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0025
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0030
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0030
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0030
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0035
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0035
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0035
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0035
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0040
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0040
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0040
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0045
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0045
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0050
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0050
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0055
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0055
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0055
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0055
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0060
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0060
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0060
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0065
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0065
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0070
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0070
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0070
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0070
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0075
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0075
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0075
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0075
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0080
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0080
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0080
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0085
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0085
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0085
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0085
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0090
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0090
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0090
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0095
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0095
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0100
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0100
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0100
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0100
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0100
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0105
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0110
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0110
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0110
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0110
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0115
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0115
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0115
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0120
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0120
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0120
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0125
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0125
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0125
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0125
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0130
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0130
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0130
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0135
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0135
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0140
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0140
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0145
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0145
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0150
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0150
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0150
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0150
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0155
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0155
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0155
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0160
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0160
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0160
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0165
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0165
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0170
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0170
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0170
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0170
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0170
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0175
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0175
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0175
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0180
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0180
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0180
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0185
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0185
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0185
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0190
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0190
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0190
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0195
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0195
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0195
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0200
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0200
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0200
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0205
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0205
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0205
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0210
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0210
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0210
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0215
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0215
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0215
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0215
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0220
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0220
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0225
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0225
http://refhub.elsevier.com/S0021-9517(20)30278-5/h0225

	In-situ regulation of formic acid oxidation via elastic strains
	1. Introduction
	2. Methodology
	3. Results and discussion
	4. Conclusions
	References


