Self-assembling of formic acid on the
partially oxidized p(2
1) Cu(110) surface
reconstruction at low coverages
Cite as: J. Chem. Phys. 150, 041720 (2019); https://doi.org/10.1063/1.5046697
Submitted: 29 June 2018 . Accepted: 09 October 2018 . Published Online: 26 December 2018
Zhu Chen,

John Mark P. Martirez, Percy Zahl,

Emily A. Carter, and

Bruce E. Koel

COLLECTIONS
Paper published as part of the special topic on Interfacial Electrochemistry and Photo(electro)catalysis

ARTICLES YOU MAY BE INTERESTED IN
New aspects of operando Raman spectroscopy applied to electrochemical CO2 reduction
on Cu foams
The Journal of Chemical Physics 150, 041718 (2019); https://doi.org/10.1063/1.5054109
Quantifying robustness of DFT predicted pathways and activity determining elementary
steps for electrochemical reactions
The Journal of Chemical Physics 150, 041717 (2019); https://doi.org/10.1063/1.5056167
DFT-MD of the (110)-Co3O4 cobalt oxide semiconductor in contact with liquid water,
preliminary chemical and physical insights into the electrochemical environment
The Journal of Chemical Physics 150, 041721 (2019); https://doi.org/10.1063/1.5053729

J. Chem. Phys. 150, 041720 (2019); https://doi.org/10.1063/1.5046697
© 2019 Author(s).

150, 041720

The Journal of
Chemical Physics

ARTICLE

scitation.org/journal/jcp

Self-assembling of formic acid on the partially
oxidized p(2 × 1) Cu(110) surface reconstruction
at low coverages
Cite as: J. Chem. Phys. 150, 041720 (2019); doi: 10.1063/1.5046697
Submitted: 29 June 2018 • Accepted: 9 October 2018 •
Published Online: 26 December 2018
Zhu Chen,1,a),b)

John Mark P. Martirez,2,a)

Percy Zahl,3 Emily A. Carter,4,c)

and Bruce E. Koel1,c)

AFFILIATIONS
1

Department of Chemical and Biological Engineering, Princeton University, Princeton, New Jersey 08544-5263, USA

2

Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, New Jersey 08544-5263, USA

3

Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973-5000, USA

4

School of Engineering and Applied Science, Princeton University, Princeton, New Jersey 08544-5263, USA

a)

Z. Chen and J. M. P. Martirez contributed equally to this work.
Current address: Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA.
c)
Authors to whom correspondence should be addressed: bkoel@princeton.edu and eac@princeton.edu
b)

ABSTRACT
Carbon dioxide (CO2 ) reduction for synthetic fuel generation could be an integral part of a sustainable energy future. Copper (Cu)
is the leading electrocatalyst for CO2 reduction to produce multiple C-containing products such as C1 and C2 hydrocarbons and
oxygenates. Understanding the mechanisms leading to their production could help optimize these pathways further. Adsorption
studies of the many possible intermediates on well-characterized surfaces are crucial to elucidating these mechanisms. In this
work, we explore the adsorption configurations of formic acid (HCOOH) on the surface of the partially oxidized p(2 × 1) reconstruction of the Cu(110) surface, using low-temperature scanning tunneling and atomic force microscopy, in conjunction with
density functional theory modeling. We find that HCOOH adsorbs favorably on the CuO chain comprising the reconstruction.
The adsorption interactions involve dative bonding of the carbonyl O to the oxidized Cu and hydrogen bonding of the OH group
to the surface O or to an adjacently adsorbed HCOOH molecule. Cooperative adsorption of the molecules occurs, forming twoto three-molecule-long oligomer chains, facilitated by intermolecular hydrogen bonding and mutual polarization of the CuO
acid-base adsorption sites.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5046697

I. INTRODUCTION
The conversion of CO2 into liquid fuels and value-added
chemicals using renewable energy sources has attracted significant research interest in recent years. A particularly attractive strategy for CO2 conversion is via an electrochemical
method that utilizes electricity produced by a renewable
source.1 Of the large number of products that can be produced by CO2 reduction, formic acid (HCOOH) is of particular interest due to its versatile applications.2,3 HCOOH has
been proposed as a fuel for direct HCOOH fuel cells and as
a hydrogen carrier/storage molecule. In addition to its role
as a potential liquid fuel, HCOOH is a valued chemical and a
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precursor in chemical synthesis.3 As a result, efficient production of HCOOH from CO2 by electrochemical means is
an attractive and beneficial approach to help manage atmospheric CO2 levels.4,5
The production of HCOOH through electrochemical CO2
reduction can be achieved using a large number of heterogeneous catalysts, including precious metals such as Pd and
Pdx Pt100-x 6 and sp metals such as Zn, In, Sn, and Pb.5 The
precious-metal catalysts based on Pd and Pt exhibit excellent activity, low overpotential, and high faradaic efficiency
for HCOOH production.6 However, these catalysts are expensive and scarce, and they deactivate quickly due to poisoning

150, 041720-1

The Journal of
Chemical Physics

ARTICLE

scitation.org/journal/jcp

of active sites by CO molecules formed during CO2
reduction. The catalysts based on sp metals have lower costs
and demonstrate high faradaic efficiencies for HCOOH production, but these catalysts exhibit large overpotentials in
electrochemical CO2 reduction.5 Copper (Cu) is an excellent
catalyst that is affordable and can be designed to have high
faradaic efficiency and activity for HCOOH.7 However, Cu catalysts are known to produce a large number of possible reduction products (namely, CH4 , C2 H4 , CO, H2 , C2+ hydrocarbons,
and C1 to C3 oxygenates), where the distribution of products
and their faradaic efficiencies depend greatly on the applied
potential8–11 and the particle size,12,13 morphology,12–16 and
crystal orientation17–21 of the Cu catalysts. For example, an
inverse relationship between Cu particle size and selectivity
for the reduction of CO2 to H2 and CO has been observed,
due to a larger population of low-coordinated surface sites
for smaller particles that bind CO2 , CO, and atomic hydrogen
more strongly.13 However, Cu nanoparticles that have been
synthesized on glassy carbon exhibit the opposite trend, for
which instead enhanced methanation vs. formation of H2 and
other minority products (e.g., CO and C2 H4 ) was observed for
smaller nanoparticles.12 In addition to the physical properties of Cu catalysts, CO2 reduction can be sensitive to the
presence of residual oxygen in these catalysts. The general
hypothesis about the role of subsurface oxygen is its ability
to withdraw charge from surface Cu to enhance the adsorption of CO. Although the exact details of the influence that
surface and subsurface oxides have on the CO2 reduction are
under debate, strong evidence exists to support the idea that
residual oxygen significantly impacts Cu catalyst activity and
selectivity.22–27

been utilized to examine the role of surface defects, such
as O vacancies involved in water dissociation on TiO2 (110)
surfaces,32–34 as well as the relative activity of the step and
terrace sites of Cu(111) for HCOOH dehydrogenation.35 These
studies reveal the significant influence that minority surface
species can have on surface chemistry. Herein, we report
an LT-STM study of HCOOH adsorption on a reconstructed,
partially oxidized Cu(110) surface: p(2 × 1) Cu(110)–(CuO)1/2 .
To complement the LT-STM data, density functional theory
with semi-empirical van der Waals (vdW) correction calculations were performed to model the adsorption geometries
of HCOOH molecules on the p(2 × 1) Cu(110)–(CuO)1/2 surface and to simulate their corresponding constant-current
STM images. The simulations predict the HCOOH molecules
to adsorb favorably onto the surface with the carbonyl oxygen atoms pointing toward oxidized surface Cu atoms, and
the OH groups form hydrogen bonds with either surface O
or an adjacent HCOOH molecule. The self-assembled shortchain-like clusters of HCOOH molecules that are two to three
molecules long appear to be facilitated by mutual polarization
of the CuO adsorption sites and/or intermolecular hydrogen
bonding. These theoretical predictions allow an interpretation of the LT-STM and atomic force microscopy (AFM) images
showing bright features that are one, two, or three molecules
wide. Determining how HCOOH binds to Cu and oxidized Cu
surfaces furnish insight into fundamental interactions governing the mechanistic pathway preferred during CO2 reduction,
which could provide a piece of the puzzle to understand the
selectivity and activity of Cu electrocatalysts.

The interaction of CO2 and the reaction intermediates
that form during different stages of reduction can have a significant effect on product selectivity and faradaic efficiency.
A large number of studies taking theoretical and empirical
approaches have reported the influences of crystal orientation, pH, and composition on the potential-limiting step for
CO2 reduction on Cu catalysts. For example, key intermediates in the formation of C2 products have been identified
to be CO28,29 and a hydrogenated dimer species (OCCOH),30
using attenuated total reflectance FTIR measurements. Additionally, the promoting effect of higher carbonate concentration,31 larger alkali cation size,10 and the presence of surface
oxides28 toward C2 product formation via CO dimerization
has also been reported. Based on theoretical predictions and
empirical evidence, atomic-level mechanisms for the formation of C1, C2, and higher hydrocarbons on Cu surfaces have
been proposed, where the competition between CO and formate (HCOO− ) ion formation during the first electron-transfer
step determines the relative faradaic efficiency of HCOOH
and other hydrocarbon products. However, an understanding
of the adsorbed-intermediate/surface interaction is difficult
without an accurate picture of the surface binding site and
binding geometry of adsorbates.

A. Surface preparation

Low temperature scanning tunneling microscopy (LTSTM) offers a unique advantage for examining the bonding of
adsorbates on a catalyst surface. For example, LT-STM has
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II. METHODOLOGY

A cryogenic ultrahigh vacuum (UHV) LT-STM/AFM (Createc LT-STM based, custom modified and upgraded to provide
non-contact (NC)-AFM operation mode) was used to perform
the STM and AFM experiments from 5 to 300 K. The UHV system consisted of an STM chamber and a sample preparation
chamber. The STM instrument was controlled with the Gnome
X Scanning Microscopy (GXSM) control system with the MK2A810-PLL (for imaging, advanced spectroscopic mapping, and
spectroscopy).36–38 The STM instrument was surrounded by
radiation shields cooled by liquid nitrogen and liquid helium.
The typical pressure in the cryogenic UHV inside the STM
chamber was below 10−11 Torr and that of the sample preparation chamber was typically 10−9 to 10−10 Torr. The Cu(110)
surface was cleaned by repeated cycles of 1-keV Ar+ ion sputtering and UHV annealing (600-630 K) using a button heater
in thermal contact with the crystal. The temperature was
measured using a Chromel-Alumel thermocouple attached to
the button heater. Afterwards, the clean Cu(110) surface was
exposed to O2 (research purity) for 60 s at 3 × 10−8 Torr and
oxidized for 30 s at 380 ◦ C to create a partially oxidized p(2
× 1) Cu(110) surface. Formic acid (Aldrich, >98%) was purified
by several freeze-pump-thaw cycles and introduced to the
sample surface through a small dosing aperture in the radiation shields of the STM. Multiple formic acid doses of 3.6 L
(Langmuir; 1 × 10−6 Torr s) were performed to achieve a desired
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surface coverage, which was followed by annealing to 100 K
using the button heater after docking with a liquid nitrogencooled manipulator. Immediately after sample annealing, it
was transferred into the cryogenic shielded STM region, to
ensure sample cooling in a clean environment.

B. LT-STM and AFM imaging
All STM images were acquired at 5 K using a PtIr tip
cleaned in situ by electron bombardment. All AFM images were
obtained in constant-height mode using the NC-AFM capability of the Createc-based STM system with custom GXSM
control hardware and software.36–38 During NC-AFM imaging, the sample bias was between 50 and 150 mV and the
tip oscillation amplitude was between 50 and 80 pm using a
QPlus [©Giessibl] sensor with a resonance frequency around
30 kHz.

ARTICLE

4 × 7 × 1 k-point meshes within the Monkhorst-Pack method47
for the bulk unit cell (four-atom basis cubic unit cell) and the
2 × 1, 4 × 2, 2 × 4, and 6 × 2 periodic slabs, respectively. A
14 × 20 × 1 k-point mesh was used in a non-self-consistent
calculation to generate the densities of states (DOS) of the
adsorbate-free reconstructed 2 × 1 surface, together with the
electron density obtained from a self-consistent calculation
with a 10 × 14 × 1 k-point mesh. Electronic smearing following the Methfessel-Paxton method48 at 0.09 eV was used to
aid electronic convergence.
The vibrational modes of the adsorbate were calculated
using the central finite difference method with ±0.010 Å
atomic displacements from equilibrium. To manage computational cost, only the CuO chain comprising the reconstruction
and the HCOOH molecules were included in the construction of the Hessian. Zero-point energies (ZPEs) were evaluated
using the normal mode frequencies and the equation

C. Theoretical calculations
We calculated the ground-state electronic and atomic
structures from spin-restricted periodic Kohn-Sham (KS)
density functional theory (DFT) calculations within the
Perdew-Burke-Ernzerhof approximation of the exchangecorrelation functional39 and Grimme’s semi-empirical D3
with the Becke-Johnson damping vdW approximation (DFT
+D3).40,41 These calculations were carried out using Vienna Ab
initio Simulation Package (VASP)42 version 5.3.5 within the allelectron, frozen-core projector-augmented-wave (PAW) formalism.43 Standard VASP PAW potentials explicitly treating 1s
for H, 2s and 2p for C and O, and 4s and 3d for Cu as valence
states were used.
A planewave basis kinetic energy (KE) cutoff of 500 eV
was imposed for atomic structure relaxations. All atom positions were relaxed until the absolute atomic forces were
≤0.01 eV/Å. A KE cutoff of 660 eV was used subsequently
for refined single-point energies, STM simulations, and vibrational frequency calculations (yielding an energy convergence
≤1 meV/atom for H2 and HCOOH molecules). 2 × 1, 4 × 2,
2 × 4, and 6 × 2 periodic slabs composed of seven bulk-like layers and two outermost layers of Cu atoms that are part of the
reconstruction were used to model the surface, where the r × s
dimensions refer to the integer scaling of the lateral primitive
unit cell used to create the slab supercells. The in-plane supercell size was fixed with a cubic lattice constant a = 3.567 Å,
the predicted equilibrium value for bulk face-centered cubic
(fcc) Cu, which compares favorably with the experiment (3.597
± 0.004 Å).44 A vacuum layer of thickness 14-18 Å normal to
the surface was included to isolate the periodic slab from its
images. The (CuO)1/2 reconstruction was introduced symmetrically on both sides of the slab. Figure S1 in the supplementary
material shows the convergence of the surface energy with
slab thickness and in-plane cell size. In the HCOOH adsorption
studies, the molecules were introduced on only one side of
the slab. Dipole corrections45,46 were added to screen dipolefield interactions between the periodic images along the surface normal. Brillouin zone sampling (Γ-point-centered) was
conducted via 14 × 14 × 14, 10 × 14 × 1, 5 × 7 × 1, 10 × 4 × 1, and
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ZPE =

3N
X
~ωj
j

2

,

(1)

where ωj s are the angular frequencies of the surface normal
vibrational modes, ~ is Planck’s constant divided by 2π, and N
is the number of atoms included in the construction of the
Hessian matrix. Modes with absolute frequencies ≤100 cm−1
(0.012 eV) were neglected.
The ZPE-corrected adsorption energies were calculated
as

∆Eads = EDFT (slab + [HCOOH]n ) − EDFT (slab)

− nEDFT (HCOOH) + ∆ZPE /n,

(2)

where EDFT (slab + [HCOOH]n ), EDFT (slab), and EDFT (HCOOH)
are the DFT+D3 energies of the slab with n adsorbed HCOOH
molecules, the adsorbate-free slab, and gas-phase HCOOH,
respectively. The bare slab energies were calculated for all
slab sizes investigated and were used in Eq. (2) according to
the actual slab size used for a given adsorption geometry.
This ensures the cancellation of numerical variations in ∆Eads
brought about by changes in simulation cell sizes.
The constant-current STM image was simulated by
implementing the Tersoff-Hamann approximation49 using the
partial electron DOS summed from the Fermi level (EF ) to the
energy corresponding to the applied bias (see the supplementary material for more details).

III. RESULTS AND DISCUSSION
A. Clean surface of p(2 × 1) Cu(110)–(CuO)1/2
The LT-STM and AFM images of the native and p(2 × 1)
reconstructed Cu(110) surfaces are shown in Fig. 1(a). The
native surface, shown as a featureless domain in the STM
image, has a two-fold azimuthal symmetry, with a rectangular
unit cell along the high-symmetry directions [001] (henceforth
the y-axis of the surface) and [1̄10] (henceforth the x-axis of the
surface).
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FIG. 1. (a) Overview of the STM image showing the native (Cu) and reconstructed (CuO) surfaces of Cu(110): 0.015 V, 0.03 nA. Inset: top-view schematic of the reconstructed
surface [see Fig. 2(a) for legend]. The p(2 × 1) cell marked by the white rectangle corresponds to the same region (also marked) on the STM image. (b) Surface dosed with
HCOOH: 0.02 V, 0.01 nA. (c) and (d) Magnified STM (0.02 V, 0.01 nA) and AFM images, respectively, of HCOOH clusters highlighted in (b). (e) STM image showing the
chain-like cluster and isolated HCOOH molecules: 0.015 V, 0.01 nA. (f) Constant-height STM images at different applied biases of the highlighted area in (e). (g) AFM image
of the HCOOH cluster in (f). (h) Differential tunneling conductance (dI/dV) of HCOOH on the CuO stripes. (i) Constant-height STM images of isolated HCOOH dimers. The
spacing between two Cu--O--Cu rows (bright contrast features) is 5.1 Å.

The p(2 × 1) reconstructed Cu(110) surface, which appears
after annealing in O2 , registers alternating bright and dark
stripes that run along the y-axis and are repeated along the
x-axis. The observed stripe pattern is characteristic of the partially oxidized Cu(110)–(CuO)1/2 surface that has been reported
in the literature.50–53 The rectangular unit cell of the p(2 × 1)
CuO lattice measures (5.1 × 3.6) Å2 based on the bright STM
features. Figure 2(a) shows a schematic of the p(2 × 1) Cu(110)–
(CuO)1/2 reconstruction predicted by DFT+D3. This model
exhibits the well-known CuO chain along the y-axis ([001])
that is repeated every two unit cells along the x-axis ([1̄10]),
which explains the bright stripe features in the measured
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LT-STM images in Fig. 1. DFT+D3 predicts a rectangular cell
of (5.044 × 3.567) Å2 based on the calculated equilibrium bulk
fcc Cu lattice. This corresponds to an absolute error in the
predicted lattice dimensions of ∼1% compared to the STM
measurements. Figure 2(b) shows the projected densities of
states (PDOS) of the surface. The PDOS shows that the states
originating from the oxidized Cu and O dominate the state
character at and near EF . No significant variation in the PDOS
profile is apparent from −0.5 to 0.5 V from EF . Figures 2(c)
and 2(d) show the simulated constant-current STM image at
−0.10 (filled-states) and +0.10 V (empty-states) sample biases,
respectively. Varying the applied bias within approximately
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FIG. 2. (a) Atomic structure of the reconstructed Cu(110) surface showing the columns of linear chains of CuO units running along the [001] direction (y-axis). These CuO
chains are repeated every two primitive cells along the [1̄10] direction (x-axis, see top view structure). (b) Atomic projected densities of states (PDOS) for surface O (shaded
red, −PDOS axis), Cu atoms from the adlayer (shaded light brown, +PDOS axis), and the first bulk-like (brown) and second bulk-like (dark brown) layers. (c) and (d) Simulated
constant-current STM images (black-and-white heat map) and 3D partially summed electron DOS (light blue isosurface plot = 10−5 e/bohr3 ) for −0.10 and +0.10 V sample
biases, respectively. The bright features in the STM images show O and Cu-adatoms more prominently at −0.10 and +0.10 V, respectively.

±1 eV away from EF did not change the STM profiles of either
empty- or filled-state images. The simulated STM images
show that the bright features correspond to the surface O and
oxidized Cu at negative and positive sample biases, respectively. The missing columns of Cu register as dark stripes
in both images [Fig. 2(a)]. The empty-state image in Fig. 1(a)
therefore shows more prominently the oxidized Cu in the CuO
chain.

B. Imaging HCOOH adsorbed on p(2 × 1)
Cu(110)−(CuO)1/2
HCOOH was dosed to the p(2 × 1) Cu(110)–(CuO)1/2 surface in multiple exposures (see Sec. II) and then the sample
was annealed to 100 K. Multiple exposures were performed
to avoid a large HCOOH coverage at the surface, and annealing was necessary to provide energy to enable diffusion and
reorganization of the adsorbed HCOOH molecules onto stable adsorption sites. Additionally, the relatively low 100 K
annealing temperature was chosen to avoid the deprotonation of HCOOH observed by previous STM,35,54 infrared
spectroscopy, and temperature programmed desorption studies.55,56 By comparing the population of HCOOH molecules on
the clean Cu(110) regions and reconstructed CuO islands, it is
clear that HCOOH molecules preferentially adsorb on the CuO
islands after 100 K annealing [Fig. 1(b)]. Adsorption of HCOOH
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on the Cu(110) surface at 300 K can form short, well-ordered,
chain-like domains of formate as a result of deprotonation.57
Here, a low density of HCOOH was found on the Cu(110) surface, due to the low annealing temperature that prevented
formate formation.
Figure 1(b) shows multiple adsorption configurations for
HCOOH on the reconstructed surface, which appear to be
monomers, dimers, and trimers. By evaluating the population of different adsorption configurations for formic acid,
the percentages of monomer, dimer, and trimer are similar
(Fig. S2 in the supplementary material). Figures 1(b)–1(g) and
Fig. S3 in the supplementary material highlight what appears
to be a trimeric HCOOH cluster, as imaged by a combination of STM and AFM measurements. The bright spots from
the molecules are centered on top of the bright stripe feature
of the reconstruction, indicating that the molecules prefer to
adsorb on top of a CuO chain. We note that the trimer is
bent instead of in a linear chain, running diagonally relative
to the bright stripes. The differential tunneling conductance
spectra (dI/dV) obtained on a clean CuO chain are similar
to those reported in the literature, where an increase in the
density of states (DOS) at energy levels above and below EF
(at potential bias = 0 V) was observed [Fig. 1(h)].50 The dI/dV
spectra recorded over the HCOOH molecules showed spectral features similar to those of a clean CuO chain, which
indicates that the adsorption of HCOOH molecules does not
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significantly alter the electronic structure of the CuO chain
near the EF . This suggests that the molecules are more likely
to be only physisorbed on the surface, and therefore do not
significantly chemically modify the surface. Figure 1(i) and
Fig. S4 in the supplementary material show a set of constantheight STM images of what appear to be HCOOH dimers. Note
that the bright features do not vary significantly with applied
potential in both Figs. 1(f) and 1(i). The individual monomers of
the HCOOH dimers in some images appear to be adjacent and,
in others, far away, suggesting that each monomer in this configuration could easily glide away from each other even at the
low imaging temperature (5 K).

C. Modeling HCOOH adsorbed on p(2 × 1)
Cu(110)–(CuO)1/2
To more fully understand the adsorption and clustering behavior of HCOOH at low temperatures on p(2 × 1)
Cu(110)−(CuO)1/2 , we used first-principles DFT+D3 to model
adsorbed HCOOH and its oligomers both in the gas and
adsorbed phase. As mentioned above, the HCOOH molecules
are likely to be intact rather than deprotonated upon adsorption due to the very low annealing temperature (100 K).
Also, based on the differential tunneling conductance spectra,
no significant chemical modification of the surface resulted
from HCOOH adsorption, and thus the molecules are likely
adsorbed without being chemically transformed. Physisorbed
intact HCOOH molecules therefore are investigated computationally here.
The clustering behavior of HCOOH at low temperatures comes as no surprise, given that HCOOH freezes at
8.4 ◦ C (281.5 K).58 The hydrogen-bonding interactions between
HCOOH molecules in the gas phase have been studied
extensively both experimentally and computationally in the
past.59–66 The DFT+D3-predicted structures of the lowestenergy oligomers in the gas phase, from monomer up to
tetramer, are shown in Fig. 3. The t(rans) isomer of HCOOH
is lower in energy than the (c)is structure. The trans isomer
allows for two hydrogen bonds, involving the hydroxyl H (HO )
and carbonyl O (OC ) atoms, to form between the two HCOOH
molecules in a dimer. The dimerization thus is energetically
favorable with an energy of −0.39 eV/HCOOH. Addition of a
third molecule slightly increases the oligomerization energy
by 0.01 eV/HCOOH since the less polar aliphatic hydrogen
(HC ) contributes to one of the four hydrogen-bonding interactions. For longer oligomers, where the most stable dimer
serves as a building block, the oligomerization energy goes
down by 0.04 eV/HCOOH, accounting for each of the additional inter-dimer OC ---HC hydrogen bonds.
Based on the gas-phase oligomerization energies, HCOOH
should spontaneously form long molecular chains with the
dimers as building blocks on the surface at high dosing
concentrations and at low temperatures (especially at the
annealing temperature of 100 K). Such long chain formation,
however, requires that the interaction of the molecule and the
surface is (1) orientation and site independent and (2) much
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FIG. 3. DFT+D3-predicted gas-phase HCOOH structures and stabilities. Relative
energies per HCOOH molecule of c(is) and t(rans) HCOOH and trans oligomers
(up to tetramer n = 4, which are among the most stable linear chain structures59–63 ) are shown in bold (eV). Energies obtained from the experiment and
other theoretical methods available in the literature are shown in Table SI in the
supplementary material. Hydrogen-bond lengths for the oligomers are annotated,
as are the C-to-C distances between the terminal molecules to approximate the
breadth of the oligomers. White spheres: H, black spheres: C, and red spheres: O.

weaker than the intermolecular interactions. Long molecular chains do not appear in the LT-STM experiment, perhaps due to low dosing pressures. However, the lack of such
chains also suggests that the adsorption of HCOOH (1) is
site- and orientation-dependent and (2) features interactions
comparable in strength to those between HCOOH molecules,
suppressing diffusion and therefore preventing chain growth.

1. Adsorbed monomers
Figure 4 shows possible adsorption configurations for
an isolated HCOOH molecule arranged from most to least
favorable, according to DFT+D3. Structure a takes the advantage of the two primary adsorbate-surface interactions,
namely, the OC --Cu dative and OH---Osurf hydrogen bonding along the CuO chain. Adsorption of this kind releases
0.56 eV/HCOOH of energy [∆Eads (a) = −0.56 eV], which is
much more favorable than the gas-phase oligomerization
energy of HCOOH (Fig. 3). Structures b and c, which lack either
the OC --Cu dative or OH---Osurf hydrogen bonding, respectively, and where the HCOOH plane lies perpendicular to the
CuO chains, are less favorable compared to a by 0.07 and
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FIG. 4. Adsorbed HCOOH monomers. Atomic structures of the isolated HCOOH molecules adsorbed on the p(2 × 1) Cu(110)–(CuO)1/2 reconstruction. x is along the [1̄10]
direction, while y is along the [001] direction. Structures show the HCOOH molecules and CuO chains (ball-and-stick), and the first two bulk-like Cu layers (stick). The rest of
the slabs are removed for clarity [see Fig. 2(a) for the full slab model]. Magnified regions (side views) are shown to the right of the top views as marked by blue boxes. Some
atomic bonds and distances are annotated. ZPE-corrected adsorption energies relative to the gas phase t-HCOOH molecule are shown in bold (eV). Adsorption energies
without ZPE are shown in Table SII in the supplementary material. White spheres: H, black spheres: C, red spheres: O, and brown spheres and sticks: Cu.

0.20 eV, respectively. Note that both OC --Cu and OH---Osurf
are shorter in a than in b or c. Thus the presence of both
OC --Cu dative bonding and OH---Osurf hydrogen bonding
mutually enhances each other. This enhancement originates
from the complementary acid-base interactions (HO and OC
as, respectively, the acid and base ends of the molecule) at a
single CuO unit. Such synergistic adsorption already was predicted for metal-oxide surfaces.67–69 However, since ∆Eads (a)
> ∆Eads (b) + ∆Eads (c), adsorption of HCOOH involves more than
the two aforementioned interactions. Other interactions such
as vdW must be responsible for the binding energy difference of −0.29 eV = ∆Eads (b) + ∆Eads (c) − ∆Eads (a). From this
difference, we conclude that OC --Cu and OH---Osurf naturally account for only −0.07 and −0.20 eV of the adsorption
energy, respectively (equivalently derived from the difference
in adsorption energies). Of course, this energy decomposition is a very rough estimate because the HCOOH molecules
are oriented differently in the a, b, and c structures and the
molecule-to-surface bonds are noticeably shortened in a. This
estimate is also slightly overestimated in the positive direction
due to the enhanced OC --Cu and OH---Osurf interactions in
a. However, these non-acid-base interactions (primarily vdW)
are clearly too significant, compared to the other two interactions, to be ignored and therefore at least partly accounted
for through the D3 correction in the models. The C--Osurf
and (hydroxyl O) OH --Cu interactions are found to be weaker
(structures d and f), while the OC --Cu interaction, where the
molecule’s OH group points away from the surface, is also less
favorable (structure e). For structure e, aside from the weakened OC --Cu interaction (longer by ∼0.1 Å than in either a or
c), the vdW interaction is also expected to be smaller since
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the molecule is farther away and the OH points out into the
vacuum.

2. Adsorbed dimers and trimers
The structures found for monomers are good baseline
structures to build up oligomers on the surface. We know
from Sec. III C 1 that the interaction between HCOOH and
the surface is much more favorable than between HCOOH
molecules in the gas phase. Also, the presence of both
OC --Cu and OH---Osurf interactions adjacent to each other
is more favorable than the interactions taken individually.
vdW and potentially other nonbonding interactions are also a
major contribution to the stabilization of the molecules on the
surface.
Figures 5 and 6 show the favorable adsorbed dimer
and trimer structures, respectively, built from the monomer
structures in Fig. 4 and gas-phase structures in Fig. 3. The
names of the adsorbed oligomers are based on the monomer
adsorption motifs from which they are comprised, e.g., a0 a
is composed of two a monomers (one of the dimeric a is
orientationally modified, thus the prime symbol). When the
HCOOH molecule(s) is (are) gas-phase-like, either index t
or tt is used to signify a monomer or a dimer resembling
a gas-phase structure (Fig. 3). The index R followed by an
angle signifies the orientation of the adsorbed tt dimer’s
primary axis relative to the CuO chain axis. For example,
the tt-R45◦ structure has a gas-phase-like dimer adsorbed
on the surface whose primary axis is 45◦ relative to the
CuO stripe. The structures are explained in further detail
below.
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FIG. 5. Adsorbed HCOOH dimers. Atomic structures for two-molecule adsorption motifs forming (left) apparent parallel molecular chains and (right) perpendicular chains.
Structures show the HCOOH molecules and CuO chains (ball-and-stick), and the first two bulk-like Cu layers (stick). The remaining slabs are removed for clarity. Magnified
regions (side views) are shown to the right of the top views as marked by blue boxes. Some atomic bonds and distances are annotated. ZPE-corrected adsorption energies
per HCOOH molecule relative to the gas-phase t-HCOOH molecule and the dimer tt-[HCOOH]2 (inside the parentheses) are shown in bold (all in eV). Adsorption energies
without ZPE are shown in Table SII in the supplementary material. White spheres: H, black spheres: C, red spheres: O, and brown spheres and sticks: Cu.

Dimers are generated from monomers that are adsorbed
on two adsorption sites, which are either in a single CuO
stripe: parallel chain, or across two CuO stripes: perpendicular chain (Fig. 5). The parallel and perpendicular chain dimers
were modeled using p(2 × 4) and p(4 × 2) slabs, respectively.
The most favorable parallel structure is the a0 a structure,
which is also the most stable dimer structure investigated (−0.78 eV/HCOOH relative to gas-phase HCOOH
and −0.39 eV/HCOOH relative to the gas-phase dimer). In
addition to the above-described OC --Cu or OH---Osurf interactions, one of the OH---Osurf in a0 a is replaced by an intermolecular OH---OH hydrogen bond. This configuration avoids
the potential OH to OC repulsion between the two adjacent molecules. This structure also demonstrates the stabilizing effect of mutual polarization of the CuO adsorption
sites due to the complementary acid-base interactions. The
corresponding perpendicular configuration exhibiting similar
intermolecular interactions to a0 a is the cb structure. This
structure is 0.16 eV/HCOOH higher in energy than a0 a, where
the HCOOH molecule is bound to the surface either through
its OC or the HO . The two molecules then are bound to
each other through OH---OC bonding. The top view shows
that this cluster is oriented diagonally relative to the CuO
stripe.
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A gas-phase [t-HCOOH]2 molecule may also adsorb
on the reconstructed surface without disrupting its intermolecular hydrogen bonding. Structures tt-[HCOOH]2 R45◦ ,
tt-[HCOOH]2 R90◦ , et, and ft in Fig. 5 represent such an
adsorption type. The structures for which the horizontal
mirror plane of the molecule lies parallel to the surface
are the most stable, as is the case in tt-R45◦ and tt-R90◦ .
The tt-R45◦ species is found to be the most stable among
these structures (−0.67 eV/HCOOH relative to the gas-phase
monomer) and exhibits two weak and longer OC --Cu dative
bond interactions (2.7-2.9 vs. 2.3 Å for adsorbed monomers).
The weaker OC --Cu interaction naturally comes about since
the OC atoms are already hydrogen bonded to form the molecular pair. Note that the adsorption energy for this structure is
−0.28 eV/HCOOH relative to the gas-phase dimer, consistent
with the estimated nonbonded interaction (primarily vdW)
of −0.29 eV/HCOOH above. The tt-R90◦ structure is slightly
less stable by 0.03 eV/HCOOH, with adsorption mediated by
C--Osurf and HC ---Osurf interactions. The adsorption energy is
−0.25 eV/HCOOH relative to the gas-phase dimer, again consistent with predominantly nonbonded (mostly vdW) adsorption. The et and ft configurations exhibit structures where
the horizontal mirror plane of the dimer is perpendicular
to the surface plane, and the OC --Cu and OH --Cu mediates
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FIG. 6. Adsorbed HCOOH trimers and periodic chains. Atomic structures for three-molecule adsorption motifs forming (left) apparent parallel molecular chains and (right)
perpendicular chains. Structure a0 a-∞ is an infinitely extended set of a0 a pairs due to periodic boundary conditions (4 × 2 surface). Structures show the HCOOH molecules
and CuO chains (ball-and-stick), and the first two bulk-like Cu layers (stick). The remaining slabs are removed for clarity. Magnified regions (side views) are shown to the
right of the top views as marked by blue boxes. Some atomic bonds and distances are annotated. ZPE-corrected adsorption energies per HCOOH molecule relative to the
gas-phase t-HCOOH and the trimer α-ttt-[HCOOH]3 (inside the parentheses) are the numbers in bold (eV). Adsorption energies without ZPE are shown in Table SII in the
supplementary material. a0 a-∞ adsorption energies are relative to the monomer and dimer. White spheres: H, black spheres: C, red spheres: O, and brown spheres and
sticks: Cu.

the adsorption of these structures, respectively. The vdW
interaction between these configurations and the surface are
weaker since the dimers do not lie flat on the surface. As
with their parent monomers, structure e and f, the et and ft
configurations are the least favorable.
The trimers shown in Fig. 6 are generated using the
most stable dimer structures: a0 a and tt-R45◦ . The parallel chain aa0 a exhibits the same energetics as its parent
dimer a0 a. An “infinitely” periodic parallel chain of this type
(a0 a-∞) indicates the convergence of the adsorption energy
at −0.72 eV/HCOOH. The adsorbed trimer α-ttt structure
(Fig. 3), whose parent adsorbed dimer is tt-R45◦ , also exhibits
convergence in the adsorption energy to −0.6 eV/HCOOH.
The −0.26 eV adsorption energy relative to the gas-phase
trimer again indicates the dominance of vdW as the primary
stabilizing force. A third structure, bca, related to the dimer cb,
is a combination of the three most stable monomer adsorption
motifs (Fig. 4). Unlike in the cb dimer, the hydrogen bond forms
between the c and a molecules. No significant interaction is
present between the b and c molecules; this structure therefore represents “incidental trimers,” i.e., an adsorbed dimer
adjacent to a monomer. The energy for this fairly random
configuration is comparable to the α-ttt structure.
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The calculated energies presented above indicate that no
significant thermodynamic driving force exists for HCOOH
clustering. There is almost equal probability for dimers and
trimers (even perhaps higher-order clusters) to form based on
internal energies; however, configurational entropy, and low
annealing temperatures which arrests surface diffusion, will
of course favor smaller clusters, as was observed by LT-STM
and AFM.

D. Simulating images of HCOOH adsorbed
on p(2 × 1) Cu(110)–(CuO)1/2
Instead of conducting an exhaustive search for all possible adsorption configurations for trimers and higher-order
oligomers, this limited configurational study serves only as a
representational model to guide the understanding of the STM
images. The monomer and dimer studies, however, illuminate
the basic interactions that influence the thermodynamics of
HCOOH adsorption. We therefore simulate constant-current
STM images [Fig. 7(a)] for a few of the more stable structures since adsorption of HCOOH will be governed by kinetics,
thermodynamics, and the dosing level. In Fig. 7(a), we only
show negatively biased (−0.10 V) filled-state images. The positively biased (+0.10 V) empty-state images are similar to the
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FIG. 7. (a) Simulation at −0.10 V sample bias for notable structures in Figs. 4–6 showing both constant-current STM images (black-and-white heat map) and partially summed
electron DOS, from EF − 0.1 eV to EF (light blue isosurface plot = 10−5 e/bohr3 ). The molecules induce prominent bright features. (b) Magnified sections of the experimental
STM images shown in Fig. 1.

filled-state images, except for the previously noted position of
the bright feature associated with the CuO stripe [Fig. 2(c)].
Also shown in Fig. 7(b) are snippets of the bright features
in the STM images that originate from adsorbed HCOOH on
the CuO reconstruction shown in Fig. 1. We compare the simulated constant-current STM images for monomer, dimers,
and trimers to these images. The HCOOH molecules show
prominently in all of the simulations, as is the case in the
experimental STM images. The monomers exhibit oval-shaped
bright features either along the bright CuO stripe (a) or oriented perpendicular to the stripes covering both the bright
and dark stripes (b and c). Both possibilities are observed
experimentally. The tt-R dimers demonstrate the elongated
clover-leaf-like bright features. The a0 a and cb dimers, on
the other hand, register as simply two adjacent bright spots.
It therefore is nearly impossible to distinguish with certainty between these two types of dimers from the measured
STM images, because of limits on the experimental resolution compared to the theoretical simulation. The measured
STM images, however, show dimers that are likely tt-R45◦
and a0 a structures. The clover-leaf-like trimer bright feature
(α-ttt) is not observed, likely because the intermolecularly
hydrogen-bonded dimers are more stable in the gas phase, so
HCOOH molecules are more likely initially adsorbed as dimers
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during dosing. What appear as experimentally observed incidental dimers (two non-interacting monomers) and trimers
(non-interacting monomer and dimer) are shown in Figs. 1(c)–
1(g) and 1(i), respectively. The trimer structure is represented well by the bca structure, although some other
combinations of a, b, and c may likely produce the same STM
profile.

E. Contextualizing the findings with the literature
Adsorption of HCOOH molecules on p(2 × 1) Cu(110)–
(CuO)1/2 at 300 K has been reported to form well-ordered
c(2 × 2), (3 × 1), and (4 × 1) formate (HCOO− ) structures from
deprotonation, which simultaneously causes surface reconstruction where the (2 × 1) CuO islands experience a compression to form a c(6 × 2) pattern.70–72 The resultant adsorbed
HCOO− remains on the surface as a bidentate ligand bound to
two oxidized Cu atoms. Deprotonation to form formate was
not observed here due to the low adsorption and annealing
temperatures. Although HCOOH forms clusters on the surface, our experimental and theoretical results suggest that
they are not larger than trimers and in fact are mostly
dimers. The existence of adsorbed HCOOH dimers has not
been reported previously on the p(2 × 1) Cu(110)–(CuO)1/2
surface.
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Long-chain-ordered domains of HCOOH molecules have
been observed on the Cu(111) surface. Marcinkowski et al.
showed that HCOOH self-assembles into hydrogen-bonded
molecular chains with a zig-zag morphology.35 Here, we show
that even when the surface is oxidized, the intact HCOOH is
capable of forming short oligomers on the surface, although
limited in length. Unlike on Cu(111), which lacks functionalities capable of hydrogen-bonding directly with HCOOH
molecules, the intermolecular hydrogen bonding can be disrupted readily by the CuO chain of the reconstructed Cu(110)
surface. A higher density of HCOOH molecules was found on
the reconstructed p(2 × 1) CuO islands, with a greater number
of molecules located at island edges than were located on the
terraces [Fig. 1(b)]. Davies and Bowker examined the interaction of methanol (CH3 OH) with surface O atoms located at the
edge and center of the CuO islands.73 They concluded that the
O atoms terminating the p(2 × 1) CuO reconstructed islands
are more basic in character than those located on the terraces of the CuO islands. A similar conclusion regarding the
preferred deprotonation of methanol at the Cu(111)/CuOx
interface was also reported by Lawton et al.74 By the same
argument, the stronger acid-base interaction could favor
interactions between HCOOH and surface oxygen at step
edges.
Characterization of the adsorption of HCOOH on Cu surfaces is important for understanding the electrochemical CO2
reduction reaction at Cu electrodes. Polycrystalline8,16,26,75
and single-crystalline Cu electrodes,19 as well as nanostructured Cu14,15,26 and its oxides,9,76–80 are promising catalysts
for the conversion of CO2 to hydrocarbons. Gupta et al. have
studied electrochemical reduction of CO2 on CuO nanoparticles and observed high faradaic efficiency for producing
HCOOH.79 However, the potential required to reach high
faradaic efficiency is far greater than the equilibrium potential of −0.17 V vs. reversible hydrogen electrode (RHE).79 Several other groups using Cu nanofoams7 and oxide-derived Cu
particles76,81 as catalysts have obtained similar faradaic efficiencies for formate, although the overpotential still remained
high.
HCOOH production via electrochemical CO2 reduction
on Cu electrodes is a two-proton, two-electron reduction
reaction and it follows different mechanisms depending on the
reaction intermediates formed after the first proton and electron transfer. One mechanism involves the formation of the
surface carboxyl group (HOOC∗ ), where the C atom is bound
to the electrode surface.11 The second mechanism involves
the formation of a surface formate species (HCOO∗ ), where
both O atoms are bound to the electrode surface in a bidentate configuration.20,82,83 Both HCOO∗ and HOOC∗ can be
reduced to HCOOH by accepting a second proton-electron
pair; however, the HOOC∗ pathway can also lead to the formation of CO with the concomitant formation of H2 O.11,20,83
In addition, hydrogen molecule (H2 ) formation can occur on
Cu electrodes;8,13,14,84 a strong scaling relationship between
HOOC∗ and H∗ has been reported theoretically, which indicates that an electrode producing HCOOH or CO through the
HOOC∗ pathway probably will generate a significant amount
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of H2 as well.85 As a result, HCOOH production via the HCOO∗
pathway should be the most efficient mechanism. The DFT+D3
simulations above predict a bidentate adsorption configuration for HCOOH via OC −−Cu and OH−−Osurf interactions, which
closely matches with the adsorption configuration proposed
in the HCOO∗ pathway. It is also possible that the HOOC∗
intermediate could undergo a conformational change upon
accepting a second proton/electron pair, which will then
lead to the formation of a HCOOH molecule in a bidentatebonding configuration. However, according to DFT calculations by Steinmann et al., conformational change could
be energetically costly, which could increase the reaction
barrier for formate production following the HOOC∗ pathway.82 Additionally, of all the adsorption modes observed in
our LT-STM study, we observed HCOOH oligomers to be
the dominant species, even when strong hydrogen bonding is partially perturbed by HCOOH-surface interactions.
This suggests that catalysts with larger ensembles of reactive
sites that might allow CO2 reduction to HCOOH to proceed
simultaneously at adjacent sites, may access synergistic
effects of dimer formation to increase the rate of HCOOH
formation.
Although the influence of CuO species on formate production will not be relevant to a completely reduced Cu single
crystal surface, which can be formed under cathodic polarization as demonstrated by Kim et al.;86 the synergistic effects
proposed in our study could be important for some oxidederived Cu catalysts where residual oxygen can be present in
the catalyst.22–26 For example, Mistry et al.26 demonstrated
that Cu catalysts containing residual oxide can exhibit a
much lower overpotential and greater selectivity for formate
production compared to reduced Cu catalysts prepared by
electropolishing or H2 plasma treatment. These authors also
confirmed the presence of residual oxides in the Cu catalysts
based on the significant concentration of oxygen, of which
only a small fraction was due to exogenously formed native
oxide. Le Duff et al.27 recently probed the influence of oxygen adsorbed on Cu(111) and Cu(100) electrode surfaces on
the identity of CO2 reduction products via pulsed voltammetry. They found a rich variety of oxygenates during alternating voltage electrolysis, with HCOOH as a major product
after 60 min of electrolysis. This was attributed to surface
OH, introduced and replenished during the upper-bound
potential pulses, which also competes with H+ for adsorption
sites.
Recently, the ability to accurately determine and distinguish residual oxygen from the formation of exogenous oxide
species has been questioned due to the facile reduction kinetics of Cu under cathodic conditions and its susceptibility to
oxidation when exposed to ambient conditions. Electrochemical STM has demonstrated that Cu single crystal surfaces
under cathodic polarization remain clean and oxide-free.86,87
However, oxide-derived catalysts can have high concentrations of defects and grain boundaries, as well as greater porosity and surface roughness, all of which will influence their
reduction behavior under cathodic polarization. Additionally,
residual oxide has been confirmed in several oxide-derived
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Cu catalysts using a combination of depth profiling,24 quasi
in situ TEM,22,23 and secondary ion mass spectrometry of
18 O-enriched catalysts.25 As a result, to the extent that larger
ensembles of reactive sites containing CuO can exist, the synergistic effects of dimer formation could increase the rate of
HCOOH formation.

IV. SUMMARY AND CONCLUSIONS
By means of low-temperature STM, in concert with
DFT+D3 simulations, adsorption configurations for HCOOH
on the partly oxidized, reconstructed surface of Cu(110) were
identified. The presence of acid (Cun+ ) and base (O2− ) sites
on the oxidized islands of the reconstruction can immobilize HCOOH molecules, thereby preventing the formation of
long, hydrogen-bonded oligomer chains of HCOOH on the
surface. Low exposure (adsorbate coverage) and low temperature could very well have contributed to this muted propensity
of chain elongation. We find that HCOOH binds to the surface of p(2 × 1) Cu(110)–(CuO)1/2 primarily via dative bonding
of the formic acid carbonyl oxygen to oxidized copper sites
(OC –Cu) and hydrogen bonding of the formic acid hydroxyl
group to surface oxygen atoms (OH–Osurf ), in addition to nonbonded physisorption interactions. It is energetically more
favorable to adsorb additional HCOOH molecules to adjacent
sites along the CuO chain due to the mutual polarization of
the CuO adsorption sites, enhancing hydrogen- and dativebonding with the surface. We therefore conclude that insofar
as residual oxygen remains present during CO2 reduction, the
formation of HCOOH will be aided by the presence of CuO
chains that comprise the oxidized surface reconstruction. This
may be true for any intermediates that exhibit acid or base
moieties. We recognize that the experimental precedents for
oxide-derived Cu catalysts thus far available largely refer to
the near-surface but not necessarily surface oxygen; however,
all surfaces are dynamic and the roughened, porous surfaces
that appear to be the most active (i.e., the oxide-derived catalysts) will be even more so, suggesting that what is detected
as near-surface oxygen could very well also be at the surface. Given the results presented here, it therefore would be
useful to consider the contribution of Cu(110) surfaces with
CuO functionality in future studies of CO2 reduction on Cu
particles, as this partly oxidized surface might be present
under electrochemical conditions and could affect faradaic
efficiencies of Cu catalysts favoring certain oxygenated C
products.

SUPPLEMENTARY MATERIAL
See supplementary material for the convergence of surface free energy and model of the clean CuO surface; population of different configurations of formic acid on the
p(2 × 1) Cu(110)–(CuO)1/2 surface; different adsorption configurations of formic acid and AFM images of trimers; constant
height STM images of formic acid dimers; details of surface
free energy calculations and DFT STM simulations; comparison of calculated gas-phase oligomerization energies with the
literature; and ZPE-uncorrected HCOOH adsorption energies.
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The calculated relaxed atomic structure coordinates of the gas
phase molecules, bulk Cu, and slab models, in VASP format, are
provided in a compressed ZIP file: structure_files.gz.
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