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Abstract

Transition metal carbides have sparked unprecedented enthusiasm as high-performance catalysts in recent years.
Still, the catalytic properties of copper (Cu) carbide remain unexplored. By introducing subsurface carbon (C) to
Cu(111), displacement reaction of proton in carboxyl acid group with single Cu atom is demonstrated at the
atomic scale and room temperature. Its occurrence is attributed to the C-doping induced local charge of surface
Cu atoms (up to +0.30 e/atom), which accelerates the rate of on-surface deprotonation via reduction of the
corresponding energy barrier, thus enabling the instant displacement of a proton with a Cu atom when the

molecules land on the surface. Such well-defined and robust Cu®* surface based on the subsurface C doping offers

a novel catalytic platform for on-surface synthesis.
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In recent years, transition metal carbides (TMCs), e.g. molybdenum carbide, titanium carbide, etc. have shown
considerable potential as high-performance catalysts in hydrogen evolution,!] carbon dioxide reduction,!?
deoxygenation of biomass,3! and methane dehydroaromatization.! TMC catalysts not only accelerate the reaction
rate, alter the pathway, but also improve the reaction selectivity,5! and even enable reactions that cannot be
triggered by conventional metal catalysts.[®! However, the reported work has substantially focused on the
fabrication of TMCs and their catalytic performance based on spectroscopic measurements, whilst intuitive

studies of catalytic reactions on TMCs at the atomic/molecular scales are rather scarce.

Copper (Cu), as one of the most classical catalysts, has been applied extensively in selective oxidation,!”! coupling
reaction,® carbon dioxide reduction,!! etc. It has been proposed that charge localization on Cu (Cu®*) achieved by
doping nonmetals (e.g. oxygen,!®®10 boron,[!1] nitrogen’2) can significantly boost the catalytic activities of the
parent metal and modify the reaction process, e.g. enhance the Faradaic efficiency for C; hydrocarbons in carbon
dioxide reduction.[!1al Since the extrinsic species on top of a Cu surface have a high probability to be removed or
modified upon chemical reactions, which results in the reduction of Cu®* to Cu®,°:13! subsurface doping is believed
to be advantageous for long-term, stable catalytic performance.[10b.11a] |n regard to compatibility with Cu, carbon
(C), one of the typical minorities in natural Cu bulk, certainly holds advantages over other elements.[14l However,
local charge of Cu surface induced by C-doping and the catalytic properties of Cu carbide or C-doped Cu are still

unexplored.

Herein, we report a locally charged Cu surface layer induced by subsurface C (C-Cu®*) and its catalytic application
for an on-surface displacement reaction (Scheme 1). Applying 3,5-bis(carboxyl acid)-phenyl-3-maleimide
(C12H7NOg, denoted as BCPM) on C-Cu®, efficient substitution of the proton in each carboxylic acid (CA) group of
BCPM by a single Cu atom is demonstrated at room temperature (RT), forming a new compound, i.e. Cu;C12HsNOe.
In contrast, such a displacement reaction does not occur on pristine Cu(111), even at elevated temperatures until
complete desorption of the adsorbate.[*] The disparity in the two cases is attributed to the local charge of up to
+0.30 e per Cu atom in the surface layer for C-Cu®, which lowers the deprotonation barrier by 0.11 eV (per CA
group) hence increases the deprotonation rate significantly. As a result, rapid displacement between protons of CA

and Cu atoms is enabled upon the adsorption of BCPM on C-Cu®* at RT.
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Scheme 1. lllustration of positively charged Cu(111) surface induced by subsurface C and its application for on-surface displacement

reaction of BCPM compound.

To introduce C to Cu(111), high-temperature decomposition of ethylene was applied [details in the Supporting
Information (SI)]. The substrate temperature and ethylene pressure used are much lower than those for graphene
production (1020 K vs. 1273 K; 1.0 x 10® mbar vs. 1.0 x 107> mbar).[*¢l After four cycles of C doping, X-ray
photoelectron spectroscopy (XPS) analysis indicates the presence of C. The C 1s12 XP peak (Figure 1a) contains
three components, including a primary one at 283.8 eV (C—Cu bonding) and two minor peaks at 284.5 and 285.3
eV (sp?/sp? hybridized C).[27] The Cu 2p3/, spectrum (Figure 1b) also reveals the C—Cu bonding (933.1 eV).[8]
Importantly, the C atoms are believed to be not located on top of the Cu(111) surface, but diffuse into the
substrate, as the Cu terraces show no clusters or flakes of C species in the scanning tunneling microscopy (STM)
image (Figure 1c and details in Sl), and the binding energy of C—Cu (283.8 eV) in the C 1s12 XP spectrum is by ~0.6
eV higher than for the on-surface C reported in the literature.[!9] The C content can be tuned by varying the
number of doping cycles. At higher doses (e.g. after eight doping cycles), very likely due to the saturation of
subsurface C, small patches of graphene appear on the Cu surface (Figure S1). In this case, the C 1s;, XP peak at
284.5 eV corresponding to sp? hybridized C becomes dominant, the relative intensity of Cu—Cu bonding in the Cu

2p3/2 spectrum is much lower (SI, Figure S1).
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Figure 1. a) High-resolution C 1s;/, and b) Cu 2ps/, XP spectra, and c) large-scale STM image of the Cu substrate after four cycles of
C-doping. d) Cu(111) surface treated by two C-doping cycles showing various step heights.e) Normalized di/dV curve of the pristine
and doped Cu(111) (after four doping cycles) together with the calculated LDOS for the model in panel f. Top and side views of f)
structural model and g) ELF mapping, and h) calculated band structure and DOS of the C-doped Cu(111) with all subsurface

octahedron sites occupied by C atoms. Only top two Cu layers are actually shown for clarity. In panel e, Cu and C atoms are in pink

and grey, respectively.

Compared with pristine Cu(111), C-doped Cu surface shows barely modified atomic arrangement with smooth
step edges as well as small, shallow pits randomly distributed on the surface (Figure 1c and S2). Interestingly, at
low dosages, low steps of ~0.6 A and high steps of ~2.6 A are observed throughout the image (Figures 1d and S3).
Bear in mind that the step height of pristine Cu(111) is 2.0 A. Moreover, the dI/dV curve after C doping has
changed. As depicted in Figure le (collected from the marked position in Figure S2d), pristine Cu(111) shows an

evident peak at —0.41 V, whereas the C-doped surface presents the main peak at —0.32 V and minor peaks at —0.73,

0.04 and 0.42 V.



Consistent with our STM/XPS and earlier theoretical results,[20) DFT calculations reveal that the most stable
occupation for the C atoms is the subsurface octahedron site. We optimized four substrate slabs: each involving
five Cu layers and one C layer just below the outermost Cu layer, with one (1C), two (2C), three (3C) or four C
atoms (4C) in a 2x2 cell (Figure 1f and S4). The 4C model corresponds to the case when all subsurface octahedron
sites are occupied by C. The total formation energy and the accumulated charge on C and its neighboring Cu
atoms are varied with the C content (Table S1). In the 4C model (Figure S5), distinct structural relaxation occurs:
the interlayer spacing of the top four Cu layers is modified due to the presence of the C layer while the lateral
Cu—Cu distance remains unchanged. The top two Cu layers spacing is enlarged by 0.81 A (see Sl). This model is in
good agreement with the STM results, which show unchanged lateral atomic arrangement and varied step height
(Figure S2 and S3). The calculated local density of states (LDOS) based on the 4C model matches the dI/dV curve of
the C-doped surface (Figures 1e and S6). All these STM, STS, XPS and DFT results thus indicate the formation of
subsurface C. The penetration of C into Cu substrate is determined by the thermodynamics of the doping process

(Figure S7, detailed discussion in Sl).

In the 4C model, C accepts electrons from the surrounding Cu (Figure S8), resulting in a local charge of +0.30 e and
—0.62 e on each surface Cu and each subsurface C. The positively/ negatively charged Cu/C is further confirmed by
the intuitive mapping based on electron localization function (ELF, Figure 1g), indicating the significant C—Cu
bonding.[2] The Cu(111) surface with the saturated C subsurface layer is then denoted as ‘4C-Cu®”. The calculated

electronic structure indicates that this C-doped surface is metallic (Figure 1h, detailed discussion in Sl).

Superiority of the C-Cu® surface was then demonstrated by on-surface reaction of BCPM compound. We first
investigated the assembly of BCPM on pristine Cu(111). As shown in our earlier work,!*3! BCPM molecules form
ordered domains composed of parallel ‘zippers’ along the <1-10> direction of Cu(111) at RT (Figure S9), denoted
as ‘Z1’ structure. Each single BCPM is imaged as an inverted Erlenmeyer flask decorated by a spherical bell,
corresponding to the bis(carboxyl acid)-phenyl and maleimide groups, respectively. Each zipper is composed of
two interlocked molecular rows, with a periodicity along the rows of 10.2 + 0.2 A. The axis-to-axis distance
between the zippers is 15.8 + 0.3 A. The CA group is believed to be intact (i.e. without deprotonation) in this case,
given that (1) the calculated STM image for the monolayer of intact BCPM fits the experimental observations

better than the images for the deprotonated case (Figure S10), and (2) the O 1s1/> XP results below suggests so.

When BCPM molecules are deposited on the C-doped Cu(111) at RT, a different well-defined structure is formed

(Figure 2a), denoted as ‘Z2’. Similar to Z1, each domain is also composed of parallel zippers of interlocked
6



molecular double rows along <1-10> direction of Cu(111), with the periodicity along the row of 10.2 + 0.2 A.
However, the inter-zipper periodicity increases to 17.5 + 0.3 A, with additional oval protrusions (OPs) (marked by
the white ovals in Figure 2b—c) also clearly visible. These OPs are located between CA groups of two adjacent
molecules, and decorate both sides of each zipper. At a relatively low C content, Z2 is observed to coexist with Z1,
even within a single molecular domain (Figure S11); by increasing the C content, the Z2 structure can coexist with
small graphene patches, with no Z1. Purposely roughened pristine Cu(111) with high density of surface defects

cannot induce Z2 either (SI, Figure S12).
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Figure 2. a) Large-scale and b-c) close-view STM images of the well-ordered ‘Z2’ structure, with additional protrusions (marked by the
white dashed ovals) attached on both sides of the molecular zippers. d) Top and side views of a single DP-2Cu on the 4C-Cu® surface
modeled by DFT, where each COO- group is rotated by 27° and the maleimide group is rotated by 37° relative to the surface. e) DFT
optimized structure of Z2 on 4C-Cu® and f) simulated STM image based on this model, showing a good match with the experimental
observations. g) Top and side views of charge density difference plot (the red and blue colors indicate charge depletion and
accumulation, the isosurface value is 0.02 e A3) and h) ELF mapping of DP-2Cu zippers on the 4C-Cu®* surface, indicating the charge

transfer from the Cu substrate to Oco and Op.



We assign the OPs to Cu atoms, given that (1) the OPs have similar tunneling contrast to the Cu substrate, which is
much lower than that of the molecules; (2) no impurities or molecular fractures are observed under the same
BCPM deposition conditions on pristine Cu(111); (3) the abundance of free Cu atoms on Cu(111) is well known.[22
Four structural models were considered for Z2 with 4C-Cu® as the substrate: (1) intact BCPM with each OP
assigned to one Cu atom (‘BCPM-1Cu’) (Figure S13a); (2) BCPM with deprotonated (DP) CA and each OP assigned
to one Cu atom (‘DP-1Cu’) (Figure S13b); (3) intact BCPM with each OP assigned to two Cu atoms (‘BCPM-2Cu’)
(Figure S13c); (4) BCPM with deprotonated CA and each OP assigned to two Cu atoms (‘DP-2Cu’) (Figure 2d—e).
Clearly, only the model of DP-2Cu, i.e. BCPM molecule with the two protons in CA displaced by two Cu atoms,

matches the experimental observations (Figure 2f).

As shown in Figure 2d, for each single DP-2Cu molecule, Cu—-O bond length is 1.9 A, and the two Cu atoms in the
two COO—-Cu groups are located on a three-fold hollow site at the height of 2.0 A above the surface. While the
phenyl ring remains flat, the two COO— groups are rotated by 27° so that the O in C=0 (‘O¢¢’) sits exactly atop of a
Cu substrate atom at a distance of 2.2 A. The maleimide group is rotated by 37° relative to the Cu surface with an
Owm.—Cu substrate distance of 2.1 A. The zippers composed of DP-2Cu are packed side-by-side along the <1-10>
direction of Cu(111) (Figure 2e), with the inner-row and inter-zipper periodicities in a good accordance with the
observed ‘Z2’ structure. The molecular morphology, contrast and arrangement in the simulated STM image (Figure
2f) based on this structural model are all consistent with the experimental observations. Revealed by the charge
density difference plot (Figure 2g) and ELF mapping (Figure 2h), Oco and Owm: accept 0.13 e and 0.10 e from the Cu

substrate atoms, whilst the rest atoms in DP-2Cu have no charge transfer with the substrate.

The displacement reaction of BCPM was further ascertained by XPS results. O 1s3> XP spectrum of BCPM on
pristine Cu(111) shows three primary sub-peaks located at 532.0, 532.1 and 533.3 eV (Figure 3a), corresponding to
carbonyl O in intact CA,[23] carbonyl O in maleimide ring!2 and hydroxyl O in intact CA,[23270.25] respectively, with
the area ratio of 0.9:1:1. In addition, there is a tiny component located at 530.9 eV, which may be attributed to the
BCPMs with deprotonated CA. According to the earlier reports,[26! deprotonation of CA group could occur at the
step edges of Cu(111) at room temperature. Given its very low intensity, the result indicates that most of BCPMs
remain intact on pristine Cu(111) at RT. The spectrum of BCPM on the C-doped Cu includes three components
located at 530.9, 531.2, and 532.1 eV with an identical integral area. The peak at 530.9 eV is attributed to oxygen
in carboxylatel23¢271 (COO—Cu here). The peak at 531.2 eV is assigned to carbonyl O in the reacted CA. Due to the

bonding with Cu, the reacted CA rotates so that its carbonnyl O is close to the substrate and receives an electronic

8



denisty from Cu (Figures 2d and 2g), resulting in the shift to the lower binding energy.The results support our

interpretation of the substitution of the proton in CA by Cu for Z2, while the molecules remain intact in Z1.
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Figure 3. High-resolution O 155/, XP spectra of BCPM on a) pristine Cu(111) and b) Cu(111) treated with four C-doping cycles.

Very interestingly, although the deprotonation of the CA groups is expected to occur on pristine Cu(111) at
elevated temperature according to the literature,[26 Z2 structure is not observed (without C-doping) up to the
temperature at which the adsorbates completely desorb from the surface.[*3! The influence of the positive local
charge of Cu induced by the subsurface C on the displacement reaction was then explored further, by comparing
the deprotonation process for a model system of a single benzyl acid molecule on pristine Cu(111) with that on

the 4C-Cu®* surface (details in Sl).

Distinct from the case on the pristine surface, the positive charge localized on the surface Cu for 4C-Cu®* attracts
the negatively charged O in CA, whereby facilitating the breakage of O—H and formation of the Cu—0 bonding. It is
found that the deprotonation barrier on 4C-Cu® decreases by 0.11 eV compared with that on pristine Cu(111).
Whilst the reaction on the pristine Cu is endothermic with its deprotonated final state (FS) being 0.27 eV higher
than its initial state (IS, Figure S14a—b), the FS on 4C-Cu® is by 0.24 eV lower than its IS (Figure S14b—c).
Consequently, the calculated rate constant for the deprotonation of the CA group increases significantly on
4C-Cu®™ at 300 K (SI), as compared with the pristine surface. As a result, the displacement reaction becomes highly
favored on the 4C-Cu® surface upon BCPM deposition. At variance, on the pristine Cu(111), BCPM only forms Z1
structure upon adsorption, where the close-packed arrangement and the significant ionic molecule-substrate
interaction impede the diffusion and attachment of Cu adatoms even when the CA would deprotonate at a higher

temperature.



In summary, by introducing subsurface C to Cu(111), efficient displacement reaction of proton in CA of BCPM and
Cu atom is enabled, which does not occur on the pristine substrate. This is attributed to the positive charge
localized on surface Cu atoms when introducing subsurface C, which lowers its barrier, makes the reaction
exothermic, and increases the deprotonation rate. The displacement reaction is thus highly favorable upon
adsorption of BCPM on the C-Cu® surface at RT. This work not only reports for the first time the charge
localization and the catalytic application of the C-doped Cu, but also provides a novel platform for the on-surface
synthesis. Superior to the commonly-used high surface-energy metal crystal planes or doped metal surfaces (that
are significantly roughened with various islands/holes), the well-defined C-Cu® surface offers a much
less anisotropic platform for long-range ordered synthesis. Moreover, given the high-temperature and subsurface
doping, the platform is robust upon thermal excitation and avoids the reduction to Cu® by the on-surface reactions.
Such locally charged transition metal surfaces therefore hold great promise for on-surface synthesis and

high-performance catalysis.
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