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Synergistic enhancement of electrocatalytic
CO, reduction to C, oxygenates at nitrogen-doped
nanodiamonds/Cu interface

Hongxia Wang ©'28, Yan-Kai Tzeng>8, Yongfei Ji*8, Yanbin Li', Jun Li', Xueli Zheng®, Ankun Yang®?,
Yayuan Liu®?, Yongji Gong', Lili Cai', Yuzhang Li®?, Xiaokun Zhang', Wei Chen', Bofei Liu', Haiyu Lu3,
Nicholas A. Melosh®'>, Zhi-Xun Shen®3>, Karen Chan©4*, Tianwei Tan?¢*, Steven Chu>’* and

Yi Cui®*

To date, effective control over the electrochemical reduction of CO, to multicarbon products (C > 2) has been very challenging.
Here, we report a design principle for the creation of a selective yet robust catalytic interface for heterogeneous electrocatalysts
in the reduction of CO, to C, oxygenates, demonstrated by rational tuning of an assembly of nitrogen-doped nanodiamonds and
copper nanoparticles. The catalyst exhibits a Faradaic efficiency of ~63% towards C, oxygenates at applied potentials of only
—0.5V versus reversible hydrogen electrode. Moreover, this catalyst shows an unprecedented persistent catalytic performance
up to 120 h, with steady current and only 19% activity decay. Density functional theory calculations show that CO binding is
strengthened at the copper/nanodiamond interface, suppressing CO desorption and promoting C, production by lowering the
apparent barrier for CO dimerization. The inherent compositional and electronic tunability of the catalyst assembly offers an

unrivalled degree of control over the catalytic interface, and thereby the reaction energetics and kinetics.

cesses are essential to address climate change and the rising

global energy demand'” The development of catalysts for
reduction of carbon dioxide (CO,) as a route towards the storage of
intermittent renewable energy sources is particularly appealing’.
Electrolytic approaches benefit from using an aqueous medium,
which is cheap, abundant and environmentally benign, and typically
can be operated under ambient temperature and pressure®. Known
electrocatalysts employed in CO, reduction reactions are precious
metals”™, base metals'*"'?, metal oxides", metal dichalcogenides'’,
molecular catalysts'*'®, covalent organic frameworks'®"” and metal
organic frameworks'®". Nevertheless, many impediments to scal-
ability and ultimate implementation of these catalysts*>*' remain,
such as low energetic efficiency, poor selectivity for the desired
products, high cost and inadequate electrochemical stability.

Of the prevalent CO, electrocatalysts, most primarily gener-
ate carbon monoxide (CO)** or formic acid (HCOOH)". Only
recently have advanced catalysts capable of producing C>2 prod-
ucts in neutral aqueous media been reported”~*. Nonetheless,
nearly all of these reductive transformations are processed at very
negative applied potentials (—0.9 V versus reversible hydrogen elec-
trode (RHE), or more negative), most suffer from low to moder-
ate yields for multicarbon products and long-term electrochemical
durability remains a big problem (typically less than 40h). Of par-
ticular interest, is the earth-abundant metal Cu, which is capable
of converting CO, to a range of reduced C>2 products**, but is

N ovel catalysts for carbon-neutral energy conversion pro-

usually accompanied by catalyst durability issues under electro-
chemical conditions. Against this background, we seek to explore
the synergistic effect originating from the interface between Cu
and a second electroactive component, by rational tuning of the
catalyst assembly to trigger production of multicarbon products,
whilst improving the electrochemical stability at the catalytic inter-
face, which is not owned by the parent Cu. In particular, we have
chosen nitrogen-doped nanodiamond as the second component to
construct the desired catalytic interface, due to its low cost relative
to precious metal catalysts, high electroactivity, high surface area
and, very importantly, its excellent chemical stability’**. Moreover,
N-doped nanodiamond contains a dominant N-sp*C component®,
which has been shown to be critical for superior performance in
electrocatalysis”. We anticipate that the constructed material
assembly offers extensive compositional and electronic tunability at
the interface for binding of the key C, intermediates, as well as for
their reaction energetics. As such, we hypothesize that the feasibility
of C-C bond formation between these intermediates can therefore
be greatly improved and subsequent reaction pathways, unlike for
the sole parent catalytic component, would be strongly expected to
fulfil the desired aim of production of C, oxygenates.

Preparation and electrochemical performance of ND

and N-ND

Nitrogen-doped nanodiamond films were synthesized by carry-
ing out microwave plasma-enhanced chemical vapour deposition
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Fig. 1| Preparation of composite materials. A schematic illustration of preparation of N-ND and N-ND/Cu composite materials.

(CVD) on a nanodiamond seed, prefunctionalized silicon wafer
substrate (Fig. 1, details in Methods). The nitrogen-doping level
was modulated by tuning the N, flow rate from 0 to 25 standard
cubic centimeters per minute (sccm), whereas that of the CH, and
H, was maintained at 10 and 300 sccm, respectively. The optimized
N-doped nanodiamond/Si material under a N, flow rate of 15sccm
and ~0.2atom% is denoted as N-ND, and nanodiamond/Si without
N doping is referred to as ND. Further sputtering of Cu onto the
as-prepared N-ND film results in the desired N-ND/Cu composite.
Likewise, the amount of incorporated Cu can be tuned by changing
the sputtering time (0-60's). The resultant composite with 30s of Cu
sputtering is denoted as N-ND/Cu.

We used scanning electron microscopy (SEM) to identify the
surface morphology of the ND and N-ND films. A distinct mor-
phological pattern for N-ND (Fig. 2a), different from that for ND
(Supplementary Fig. 1), is evidenced on nitrogen doping, as the
diamond particle density decreases by one magnitude to 10°cm™2,
whereas the particle size shrinks by 15-fold to 20 nm. We then used
a focused ion beam (FIB) to cut through the film and explore the
interfacial structure between the film and the substrate, and a thick-
ness of 1.7 um for the N-ND film was thereby determined (Fig. 2b).
The averaged microscopic roughness of the ND and N-ND films
was studied by atomic force microscopy (AFM). Clearly, the sig-
nificantly smaller microscopic roughness value (denoted as R,)
of 11.91nm in N-ND (Supplementary Fig. 2b), compared with
34.32nm for ND (Supplementary Fig. 2a) reveals a smoother sur-
face in the N-ND film. Raman spectroscopy was probed to elucidate
the structural bonding of the N-ND film (Fig. 2¢). A unique feature
of nanodiamonds is the peak centred at ~1,180 cm™, which repre-
sents nanodiamond crystallites (Supplementary Fig. 3).

The chemical environment of nitrogen species and their fractional
content in the host lattice have a critical effect on the electrocatalytic
performance of N-doped carbon materials****. Thus, we performed
an X-ray photoelectron spectroscopy (XPS) study (Fig. 2d), in com-
bination with secondary ion mass spectrometry (SIMS) to acquire
the atomic configuration and stoichiometric composition of N-ND.
The N-ND contains three elements, C, N and O, and the total nitro-
gen mass content is approximately 0.3 atom% (Supplementary Fig. 4).
The high-resolution N 1s spectrum has been deconvoluted into sub-
peaks at approximately 398.5, 400.2 and 402.6eV in Fig. 2d, reveal-
ing three types of nitrogen configurations: N-sp*C with the strongest
presence, N-sp?C and N-O (ref. **). Consequently, we anticipate that
N-ND/Cu may exhibit superior CO, activity compared with carbon
materials that use N-spC as the catalytically active component™. The
greatly improved electrocatalytic activity of N-sp*C compared with
N-sp?C has been previously verified*.

Linear sweep voltammetry (LSV) of the N-ND electrode in 0.5 M
CO,-saturated KHCO, (pH 7.3) reveals a large improvement in cat-
alytic activity relative to nitrogen-free ND (Supplementary Fig. 5a).

All of the as-synthesized N-ND electrodes with different nitrogen
content deliver significantly more current than ND (Supplementary
Fig. 5b). The current enhancement observed in N-ND decreases
slightly in the absence of CO,, suggesting that the excess current
drives the CO, reduction (Supplementary Fig. 6a). Controlled
potential electrolysis experiments were carried out to identify and
quantify the reduced products. Liquid products were analysed by
'"H-NMR (Supplementary Fig. 7), whereas gaseous products were
quantified by gas chromatography (GC). In the potential window
examined, from —1.2 to -1.5V, only less than 10% of Faradaic effi-
ciencies (FEs) are attributed to formate production in the ND case
(Fig. 2e and Supplementary Fig. 8) and the majority of the total cur-
rent has been consumed for H, formation (Supplementary Fig. 9).
In contrast, N-ND enables reduction of CO, to generate a decent
amount of formate and minimal acetate, along with reasonable
yields (Fig. 2e). In particular, total CO, selectivity was significantly
improved for the N-ND electrode, with enhanced production rate
(Fig. 2f) and suppressed H, production (Supplementary Fig. 10)
together leading to FE values exceeding 45%, which is as much as
30% higher than those of the ND electrode at all potentials. What
is surprising is the formation of acetate. Although the amount of
acetate formed is not significant (7.9%), this is still rare for nitrogen-
doped carbon materials in electrochemical CO, reduction.

Preparation and electrochemical performance of N-ND/Cu
Further sputtering of Cu onto the surface of the as-synthesized
N-ND does not alter the morphology of nanodiamonds, as
reflected by the nearly identical SEM and AFM images for N-ND/
Cu (Supplementary Figs. 1b and 2c¢) and N-ND (Fig. 2a and
Supplementary Fig. 2b). High-resolution transmission electron
microscopy (HRTEM) suggests direct interfacial contact between
N-ND and Cu (Fig. 3a), which is consistent with previous observa-
tions on the Cu and N-doped carbon nanomaterials interface™*.
The distinct diffraction rings have lattice spacings of 1.96 and 2.10 A
indexed to the Cu(111) and nanodiamond(111) reflections, which
have been confirmed. Transmission electron microscope (TEM)
images show that the Cu nanoparticles (CuNPs) have sizes around
3nm. To gain compositional information for the N-ND/Cu film,
we then performed a scanning transmission electron microscope
(STEM) study combined with elemental mapping using energy
dispersive X-ray spectroscopy (EDX) (Fig. 3b and Supplementary
Fig. 11) to investigate the cross-section of the sample. In the upper
left-hand quadrant of Fig. 3b, the upper dark area is the diamond
film and the brighter lower half shows the location of Cu as revealed
by the EDX signal. On the other hand, the EDX signal shows that
the carbon distribution penetrates into the Cu region. The low
Cu concentration on the N-ND substrate surface was further
identified by XPS characterization (Supplementary Fig. 12).
We used two-dimensional (2D) grazing-incidence wide-angle X-ray
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Fig. 2 | Structural, configurational and electrochemical characterization of ND and N-ND electrode materials. a, Low-magnification SEM image of as-
synthesized N-ND. Inset: the corresponding high-magnification pattern. b, FIB image of N-ND film with a tilt of 52° to study the cross-section. The scale
is divided by cos(52°) to give the real thickness. €, Raman spectrum of N-ND. d, High-resolution N 1s XPS spectrum of the N-ND, deconvoluted into three
subpeaks representing the chemical environment of N-sp*C (N atom bonds to sp*-hybridized C atom), N-sp?C (N atom bonds to sp>-hybridized C atom)
and N-O. e, FEs for acetate and formate ion production as a function of applied potentials for N-ND (0.2 atom% doping) electrodes. FEs for formate
formation for ND electrodes are plotted as reference. Controlled potential electrolysis was performed in 0.5 M aqueous KHCO; saturated with CO,

(pH 7.3). The error bars represent the standard deviation of three independent samples. f, Production rates of acetate and formate as a function of applied

potentials for N-ND electrodes.

scattering (GIWAXS) to explore global orientation and crystallin-
ity of the N-ND/Cu film. The out-of-plane reflection halos centred
at q,=3.04 A-! (indexed as Cu(111)) and qy=3.O7A‘1 (indexed as
nanodiamond(111)) are largely overlapped and can also be con-
verted into a particular X-ray diffraction pattern (Fig. 3c). The
X-ray diffraction pattern displays four peaks at the expected dif-
fraction angles for metallic Cu (20=43.7 and 50.3, indexed to
Cu(111) and Cu(200)), nanodiamond (20 =44.2, indexed to nano-
diamond(111)) and a very small copper oxide peak (260=36.4,
indexed to Cu,0(111)) due to exposure to air (Supplementary
Figs. 13 and 14). To better evaluate the contribution of the N-ND
substrate to the change of chemical state and bonding of the sur-
face Cu species, we carried out an extended X-ray absorption fine
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structure (EXAFS) study on N-ND/Cu. The Cu K-edge EXAFS
spectrum (Supplementary Fig. 15) shows the presence of metallic
Cu and copper oxide in the as-prepared samples®. It is worth noting
that metallic Cu-Cu (Cu®) character dominates in comparison with
ND/Cu and Cu nanoparticles, where the metallic copper is usually
believed to be the active species throughout a test catalytic period®.

The electrocatalytic performance of N-ND/Cu (Fig. 3d-h) was
found to be strikingly different from that of N-ND (Fig. 2e,f).
Controlled potential electrolysis experiments over a potential range
of —0.7 to —0.4V further underline the synergy between the two
components. An improved CO, reduction performance is revealed
by both the significantly enhanced total FEs (Fig. 3d) and the pro-
duction rates (Fig. 3f), whereas the N-ND electrode shows no CO,
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Fig. 3 | Structural, configurational and electrochemical characterization of N-ND/Cu electrode materials. a, HRTEM image of N-ND/Cu. The HRTEM
image shows the presence of both Cu and nanodiamond as confirmed by lattice fringes of the selected regions in the micrograph. b, STEM image (top left)
and corresponding EDX spectroscopy elemental mapping (C, N and Cu) of N-ND/Cu. ¢, GIWAXS 2D pattern of N-ND/Cu film. The weak out-of-plane
reflection arc was also observed at g=2.55A-", which is indexed to the Cu,O(111) reflection, due to exposure to air. d, FE values for formate, methanol,
ethylene, acetate and ethanol production by N-ND/Cu electrodes, with the remaining current going to H, production. Electrolysis was performed at
potentials from —0.4 to —0.7 VV (versus RHE). The error bars represent the standard deviation of three independent samples. e, LSV of the electrodes of
N-ND/Cu and N-ND in 0.5M CO,-saturated KHCO; (pH 7.3) (scan rate of 50 mV s™"). f, Production rates for formate, methanol, ethylene, acetate and
ethanol production by N-ND/Cu electrodes. g, Mass activity (ampere per gram of Cu) of acetate and ethanol by N-ND/Cu electrodes. h, Total FEs (red
balls) of all reduced carbon-based products and total current density (grey line) of N-ND/Cu electrodes over a long-term bulk electrolysis. Both current
density and FE show a slight decline during a 24-h period of controlled potential electrolysis at —0.5V (versus RHE).

activity in the same test range (Fig. 2e,f). For N-ND/Cu at the opti-
mal applied potential of —0.5V, the total FE of CO, reduction is up
to 89.0% (Fig. 3d) and the total mass activity exceeds 261.6 Ag™!
(ampere per gram of Cu, Fig. 3g). Compared to the N-ND refer-
ence, N-ND/Cu has a significantly positive shift in onset potential
(=0.17V versus RHE) (Fig. 3e and Supplementary Fig. 5¢), sug-
gesting that the catalytic environment created by Cu incorporation
drastically lowers the required overpotential for CO, reduction on
the parent N-ND. In contrast, the current enhancement for N-ND/
Cu disappears under an Ar atmosphere (Supplementary Fig. 6b).
We therefore postulate that the increased current that drives excess
CO, reduction might be a consequence of synergy between nitro-
gen doping and incorporated Cu. This conjecture is also consistent

with the fact that electrodes fabricated by sputtering Cu onto nano-
diamond without nitrogen doping, namely ND/Cu, deliver minimal
current under the same conditions (Supplementary Fig. 16a).
Another striking observation is the altered product distribution
with respect to N-ND: a significant amount of acetate and ethanol
as well as a small amount of ethylene is produced. In particular, the
FE, e Of 34.7% and FE,., of 28.9% have been quantified (Fig. 3d
and Supplementary Fig. 17a), along with determination of a produc-
tionrate of 56.7 umol 1= h~! for acetate and 31.4 umol 1= h~! for ethanol
formation (Fig. 3f). It should be emphasized that the unprecedented
Cu mass activity for acetate and ethanol production, 102.2 and
84.9Ag™" at —0.5V (equivalent to 420mV overpotential) (Fig. 3g),
respectively, represents one of the most effective electrocatalysts
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that can reduce CO, to C, oxygenates (Supplementary Table 1). The
improved catalytic performance is mostly retained throughout long-
term bulk electrolysis. With an applied potential of —0.5V, N-ND/
Cu can continuously produce more than 686.0mg of acetate and
291.6 mg of ethanol per milligram of Cu during a 24-h time course
(20ml volume) (Supplementary Fig. 18), with a steady current
density and almost retained high total FE (>80%) (Fig. 3h). More
intriguing is that N-ND/Cu shows unprecedented persistent catalytic
performance up to 120 h with a steady current and only 19% activity
decay (Supplementary Fig. 19a). Clearly, N-ND/Cu is an electrode
that is far superior to CuNP and N-ND in terms of both selectiv-
ity and electrochemical stability (Supplementary Fig. 19b). At this
applied potential, the formation of acetate and ethanol is unlikely
due to Cannizzaro disproportionation®, whereas the selectivity of
H, production is relatively low at less negatively applied potentials,
but the hydrogen evolution reaction is not fully inhibited. However,
the production rate of H, increases dramatically along with the more
negative potential (Supplementary Fig. 20).

We hypothesize that the improved electrochemical durabil-
ity in N-ND/Cu is due to a synergistic stabilization of the cata-
lytic interface. Double-layer capacitance measurements before and
immediately after bulk electrolysis show the change in the electro-
catalytically active surface area (ECSA)", which closely associates
with catalytic activity of CO, reduction®. We therefore carried out
double-layer capacitance measurements on both N-ND/Cu and
reference CuNP (by direct sputtering CuNPs on a silicon substrate,
Methods) electrodes to provide a quantitative measure of the ECSA.
The CuNP electrode rapidly loses significant active surface area
and only 31% of the original ECSA remains after 24h of electroly-
sis (Supplementary Fig. 21a). Such a deactivation pathway has been
previously rationalized as the coalescence of metal nanoparticles to
form larger aggregates'’, consistent with our SEM observations on
CuNP post-electrolysis (Supplementary Fig. 22). In contrast, N-ND/
Cu can effectively prevent particle coalescence and thereby minimize
the deactivation of activity. In particular, N-ND/Cu loses only 8% of
its original ECSA following 24-h bulk electrolysis (Supplementary
Fig. 21b). Additional evidence of N-ND/Cu electrode durability
comes from material characterizations of N-ND/Cu immediately
after long-term electrolysis. All SEM and GIWAXS studies reveal
the same characteristic features as the N-ND/Cu electrode prior to
electrolysis experiments (Supplementary Figs. 1c, 12¢, 13d, and 23).

Density functional theory calculations

In addition to the synergistic effect in stabilization of the N-ND/Cu
interface, we investigated the origin of the improved catalytic activ-
ity and altered selectivity in CO, reduction. We initially thought that
incorporation of Cu onto N-ND would enlarge the accessible active
surface area, comparable with increasing the number of active sites,
and lead to improved catalytic performance. To test this hypothesis, we
performed double-layer capacitance measurements for both N-ND/
Cu and N-ND (Supplementary Fig. 21b,c), but, contrary to expecta-
tions, the formation of the N-ND/Cu interface slightly reduced the
original ECSA, from a capacitance of 37.6 uF to one of 32.4uE.

To further investigate the origins of the high activity and selec-
tivity of our composite materials, the reaction energetics of vari-
ous surfaces were analysed using density functional theory (DFT)
calculations (details in Methods and Supplementary information).
Figure 4a and Supplementary Fig. 24 show the free energies of the
bare and H* covered diamond surfaces as a function of the chemical
potential of H:

)438
1
o M

Ha

1
A,uH = EkBTln

In general, the bare ND(111) surface is very reactive; it can be
stabilized by the adsorption of H*, but the H*-saturated surface

ARTICLES

does not interact with CO,. The binding free energy of H* on the
diamond surface is —1.98 €V at standard conditions of Ay;;=0 and
pu, = 1bar. Under reducing conditions, the H* would be further
stabilized, making it highly energetically unfavourable for adsor-
bates to interact with the surface. This is consistent with the experi-
mental observation of low activity of the ND electrode. In addition,
the low conductivity of ND may also limit its overall electrocatalytic
activity, as low conductivity usually associates with a low current
density, which is a crucial metric for electrocatalyst evaluation™.

The DFT calculation shows that nitrogen substitution into dia-
mond favours the formation of formate. The difference in the substi-
tution energy for nitrogen for the most stable surface and subsurface
sites was small, ~0.12eV (Supplementary Table 2), which suggests
that it is likely that there is a distribution of sites near the surface of
N-ND where N is present. Nitrogen substitution at the outermost C
atoms does not give facile CO,R reaction energetics (Supplementary
Fig. 25), but the N substitution of the subsurface C significantly
lowers the thermochemical barrier for reducing CO, to formate
(Fig. 4b). Consequently, a limiting thermodynamic potential of
—1.10V for the reduction of CO, to formate is obtained, consis-
tent with the experimental observation that N substitution favours
formate production. In addition, the conductivity of diamond can
be greatly improved by N substitution; 0.2% N can increase the
conductivity by five orders of magnitude®.

Furthermore, the incorporation of Cu onto the H-terminated
surface results in dehydrogenation and formation of a stable ND/Cu
and N-ND/Cu interface (Fig. 4a and Supplementary Fig. 26) with
an average binding energy of —1.17eV per Cu-C bond. Copper
atoms at the interface appear to be partially oxidized, since Cu
donates 0.12e~ to diamond, on the basis of Bader charge analysis*.
Due to the reduction in sigma repulsion*, the overall CO binding
at the interface is strengthened by 0.30eV compared with that of
the Cu(111), which would suppress CO production, as observed
experimentally (Supplementary Table 3). The low activity of ND/
Cu observed in the experiment may be attributed to its low conduc-
tivity, which can be enhanced by nitrogen doping®. In addition, the
charge transfer from Cu to diamond facilitated by N doping further
lowers the CO binding energy by ~0.03-0.10eV at various doping
sites (Supplementary Figs. 27 and 28 and Supplementary Table 3).
Previous studies on Cu reveal that the rate-determining step for the
formation of C, species is the dimerization of CO (ref. *°) and is pH
independent’®. Furthermore, theoretical studies of the transforma-
tion of CO, into CO on Cu, suggested as none rate-determining step,
have been extensively reported**. Additional calculations would
not provide new insight to complement the current understanding
of this process. Given the fact that our primary focus is to elucidate
the unique features of the N-ND/Cu interface and correlate them
with effective formation of C, products, we therefore concentrated
on the evaluation of reaction energetics from CO to OCCO dimer,
a key intermediate towards C,, product formation* (Fig. 4c). At the
low coverage limit where adsorbate-adsorbate interactions are neg-
ligible, the effective barrier for *OCCO formation from CO(g) on
ND/Cu would be the CO dimerization transition state relative to
CO(g). This barrier is lower than that corresponding to Cu (Fig. 4d),
which would enhance the C, activity. This agrees well with the high
C, activity observed experimentally for N-ND/Cu materials.

The role of C in the Cu/C interface seems to be comparable to
that proposed for subsurface O in oxide-derived Cu (ref. **), in
which the magnitude of the CO binding energy can be increased in
the presence of the subsurface O, leading to increased CO coverage
and the likelihood of CO-CO coupling*. The role of subsurface O
in oxide-derived Cu is contentious and in conflict with recent theo-
retical and experimental investigations of the stability of subsurface
oxygen and oxide species under reducing conditions®*’. Unlike
these examples, the Cu/C interface presented here is kinetically
stable due to formation of the strong Cu-C bond. Nitrogen doping
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the ND/Cu interface (blue). d, Scaling relation between the apparent barrier (G,) and the CO binding energy (E;) as a function of the location of nitrogen
substitution in different locations in the diamond lattice. The data points labelled with X (or X + X") mean that carbon X (or X and X") in the inserted

structure model was replaced by N.

is suggested to improve not only the conductivity of the sample, but
also the chemical activity of Cu at the interface. Here, the role of the
N dopant is neither like the enhancement of CO, capture capacity,
nor solely tuning outer-layer Cu electronic structure to modulate
CO, activity.

Conclusions

In this paper, we propose a design principle where a catalytic inter-
face can be rationally assembled through incorporation of Cu
nanoparticles into N-ND giving rise to N-ND/Cu. According to
our investigation, the target CO, to C, oxygenate transformation
indeed occurs at the interface and benefits from the synergy of the
two components. At the N-ND/Cu interface the reaction energetics
are altered to favour C,, product formation, to give unprecedented
high activity and selectivity in comparison with systems reported so
far. The catalyst exhibits a FE of ~63% (total CO, FE of ~90%) and
a production rate of ~90 pmoll~'h~! towards C, oxygenate (ethanol
and acetate) formation at the applied potential of only —0.5V (ver-
sus RHE), at which the parent nitrogen-doped nanodiamonds and
Cu nanoparticles display no activity for C, oxygenate production.
Superior to previous CuNP electrocatalysts applied to CO, reduc-
tion, N-ND/Cu exhibits a significantly improved catalytic durability
of up to 120h with a steady current and only 19% activity decay.
We anticipate that the design principle for this interfaced materi-
als-materials platform will be applicable to a wide range of catalytic

transformations, especially those that require renewable energy
input and aqueous compatibility.
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Methods

Preparation of ND, N-ND and N-ND/Cu. The polynanocrystal diamond film
seeding preparation was as follows. Due to the large amount of graphite on the
surface of nanodiamond seeds, the surface was oxidized by heating in air at 500°C
for 1.5h with carboxylation in concentrated H,SO,~HNO, (3:1, v/v) at 100 °C for
3d. Through a sequence of oxidation and strong acid treatment, nanodiamond
seeds were redissolved in water solution at a concentration of 1 mgml-.
Ultrasound sonication of the Si wafer with nanodiamond slurry for 30 min was
adequate to achieve the highly efficient and uniform deposition of nanodiamond
seeding onto the surface of the substrate. Then, the wafer was baked at 120°C for
30 min before being placed into the CVD growth chamber. The nitrogen-doped
nanodiamond films were synthesized using microwave plasma CVD (MPCVD,
Seki Diamond Systems SDS 5010). The plasma was generated by microwave
radiation of 2.45 GHz and the power was 1,300 W. The silicon wafer (thickness,
~550-600 pmy; resistivity, ~0.001-0.005 Qcm) was placed in the CVD chamber

on a molybdenum holder. The working pressure was at 40 Torr. The flow rates of
methane (CH,), nitrogen (N,) and hydrogen (H,) were 10sccm, ~0-25sccm and
300 sccm, respectively. The molybdenum stage was heated to 540 °C and all of the
growth times were 2 h. After growth, the substrate temperature was cooled down
to room temperature with hydrogen gas. The copper nanoparticles were sputtered
on top of the N-ND film using an AJA International Sputtering System (AJA
International). The argon plasma was ignited using an external planar antenna
(also known as a transformer coupled plasma antenna) connected to a (13.56 MHz)
RF power generator. The substrate was placed on a movable 25-cm? square
substrate holder and was parallel to the Cu target (50 X 50X 0.1 mm?®). The distance
between the target and the substrate was about 25 cm. The base pressure in the
deposition chamber was below 2 x 10~ Torr. A gun power of 150 W and a pressure
of 15x 107 Torr were used.

Material characterization. TEM characterizations were carried out using an FEI
Titan 80-300 environmental (scanning) transmission electron microscope (E(S)
TEM) operated at 300kV. SEM images (FEI Magellan 400 XHR) were obtained
with beam energies of 3kV. AFM images were collected simultaneously with laser
feedback from an XE-70 Park AFM. Raman spectroscopy (Horiba Labram HR
Evolution Raman System) was conducted using a 532-nm excitation laser. XPS
(PHI VersaProbe 3) was carried out using an Al(Ka) source. Nanoscale SIMS
(NanoSIMS, CAMECA) was used for element mapping with a lateral resolution of
~200nm. GIWAXS was conducted at beamline 7.3.3 at the Advanced Light Source,
Lawrence Berkeley National Laboratory, using an approximately 0.5-mm wide 10-
keV X-ray beam. The Cu K edge EXAFS was performed on beamline 11-2 at the
Stanford Synchrotron Radiation Light Source using a half-tuned double Si(220)

(¢ =0°) liquid N,-cooled monochromator on unfocused beam and a 100-element
Ge solid-state detector.

Preparation of N-ND/Cu cross-section TEM sample. The sample was prepared
using a Ga* SEM/FIB (ThermoFisher Helios 600i) and extracted with an
OmniProbe Autoprobe 200 micromanipulator. The sample was protected by layers
of Pt deposited in situ with the electron and ion beams. Final thinning to electron
transparency was accomplished with an 8-kV ion beam.

Electrochemical measurements. The electrochemical measurements were carried
out in a gas-tight, two-compartment electrochemical cell system controlled with a
VMP3 multichannel electrochemical workstation (Biologic), with a Pt foil as the
counter electrode and Ag/AgCl as the reference electrode. The two compartments
separate the working and counter electrodes with an anion exchange membrane.
Each compartment holds 20 ml of the electrolyte and the working compartment
was sealed to allow measurements of gaseous products. The electrocatalytic
reduction of CO, was conducted in a CO,-saturated 0.5 M KHCO; solution
(pH7.3) at room temperature and under atmospheric pressure. After CO, was
purged into the KHCO, solution for at least 30 min to remove residual air in the
reservoir, controlled potential electrolysis was performed at each potential for 4h.
The oxygen generated at the anode was vented out of the reservoir. The ECSAs for
the electrodes were determined by double-layer capacitance measurements™.

CO, reduction electrolysis and product analysis. The gas products of the CO,
electrocatalytic reduction were monitored using an online multiple gas analyser
8610C GC system equipped with a Haysep-D column (1/8inch X 6 ft) and a 13x
Mol Sieve column (1/8 inch x 6 ft) (SRI Instruments). Ethanol, acetate, formate
and methanol concentrations were analysed on a Varian Inova 600-MHz NMR
spectrometer. A 0.5-ml sample of the electrolyte was mixed with 0.1 ml D,0 and
1.67 ppm (by mass fraction) dimethyl sulfoxide was added as an internal standard.
LSV scans were also recorded in CO,-saturated 0.5 M KHCO, (pH?7.3).

All potentials in this study were measured against the Ag/AgCl reference electrode
and converted to the RHE reference scale by E (versus RHE) =E (versus Ag/AgCl)
+0.21V+0.0591 X pH.

DFT calculations. All the calculations were carried out with DFT implanted
in Quantum ESPRESSO™, using plane-wave basis set* and ultrasoft
pseudopotential®>*, interfaced with the atomic simulation environment™.

Plane-wave and density cut-offs of 500V and 5,000V were used with BEEF-vdW
(ref. °") exchange-correlation functional. The (12X 12X 1), (6X61X), (4X4X 1)
and (2x 6 X 1) Monkhorst-Pack™ grid K-points were used, respectively, for (1x 1),
(2%2), (3% 3) and (6 X 2) surface supercells, all with a vacuum layer of 14A. The
diamond(111) surface was described by a three bilayer slab with the bottom two
layers fixed. The dangling bonds of the bare surface were saturated by H atoms.
Dipole corrections were applied in the z direction™. The structures were relaxed
until the maximal force on the atoms was smaller than —0.05eV A-". The charge on
the atoms was obtained via a Bader analysis**. Transition states were determined
using the nudged elastic band method with climbing image®"*>. The computational
hydrogen electrode® model was applied to calculate the chemical potential of
proton—electron pairs at any potential using the following:

By +pe = 1/24y, —eU )

where U is the potential versus RHE, and up;, is the chemical potential of H, gas
under standard conditions. The adsorption energies of the reaction intermediates
were calculated as:

E(X) = E(X) = E() = D nig 3)

where E(X') is the energy of the adsorbate on the substrate, E(*) the energy of
the bare substrate, n, the number of atom i in the adsorbate and y; the chemical
potential of atom i. Under CO, reduction conditions, we define:

1
Hu = EEHZ (4)
Ho = Emo — 2uy (5)
#c = Eco, — 20 (6)

and adsorption free energies G; were obtained by including the zero-point energy,
enthalpy and entropy correction of the adsorbate and the gas species®.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author on reasonable request.
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