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Selective breaking of the C-C bond in ethanol holds the key to many industrial processes, including the operation
of direct ethanol fuel cells and steam reforming. Interstitial C atoms in the subsurface region of noble-metal
catalysts have major impacts on the selectivity and activity, but an understanding of the mechanistic details is
still elusive due to their nature of in situ formation and metastability. Herein, we develop a method to obtain
stable RhCy (x &~ 0.5) by introducing C atoms into the interstitial sites of well-defined Rh nanosheets of 8-10 at.
layers in thickness, and further elucidate the electronic and geometric effects of the interstitial C atoms on the
cleavage of C-C bond. With the introduction of C atoms into half of the octahedral sites, the Rh lattice changes
from a cubic to an orthorhombic structure. The lattice expansion induced by the insertion of C atoms, together
with the electron transfer between C and Rh atoms, effectively suppresses the coupling reaction between OH*
and CH3CO* to form acetic acid while making the cleavage of C-C bond more exothermic. As such, we obtain a
selectivity of ethanol to CO5 as high as 18.1 %, much higher than those of the Rh counterpart (10.0 %), together
with 3.1-fold improvement in kinetics. Guided by these findings, a new method is also developed to directly
introduce C atoms into the subsurface of a commercial Rh black to enhance its selectivity and activity by 2.5- and
1.6- folds, respectively.

1. Introduction electron transfer from other synergistic components, such as alloys,

supports and organic modifiers can also be leveraged to modulate the

Noble-metal nanocrystals have found extensive use as heterogeneous
catalysts in industrial processes, including those pivotal to fine chemical
[1,2], pharmaceutical [3], energy conversion [4,5], and environmental
protection [6]. In all these applications, it is critical to optimize both
selectivity and activity of the catalysts. Regulating the interactions of the
reactant/intermediates to the catalyst at the atomic level is the principal
strategy to selectively acquire the desired products at a high efficiency
[7,8]. To this end, controlling the size and shape of nanocrystals in terms
of surface atomic structures (e.g., the types and fractions of atomic
terraces, steps, and kinks) offers an effective mean to tailor the in-
teractions between reactant/intermediates and a metal surface [9]. The
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chemisorption energy of reaction intermediates [10-15]. Compared
with the aforementioned synergistic components, light nonmetal ele-
ments such as H, B, C, N, P can be introduced into the interstitial sites of
noble metals to tune the catalytic properties through lattice variation
(including symmetry and strain), charge transfer as well as orbital hy-
bridizations [16]. Among these interstitial metallic compounds, noble
metal borides are the most popular materials due to the mild synthesis
conditions, and the corresponding structures and electrochemical
properties are also extensively investigated [17]. In contrast, studies
about the noble metal carbides, especially for the electrocatalysis, are
relatively fewer, since C atoms are usually considered detrimental to the
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performance of noble metal catalysts, as exemplified by the undesired
coking process [18]. However, recent studies indicate that interstitial C
atoms in the subsurface can enhance catalytic activity and/or selectivity
toward various industrially important reactions [19,20]. It is anticipated
that lattice C atoms hold promise to alleviate the current issues facing
many industrial catalysts [21-23]. Unfortunately, the carbides of noble
metals are mainly formed in situ under stringent conditions that criti-
cally depend on the use of a high temperature and/or pressure, a specific
component of the reactive gas, as well as some specific sites such as
corners and atomic steps of one to a few atomic layers [24-27]. Such
requirements make it challenging to elucidate the intrinsic structure and
the effects of lattice C atoms on catalytic selectivity. Although some
efforts on the synthesis of noble metal carbides have been made, it is still
difficult to achieve an atomic-level picture about the carbide phase and
the related surface events during the catalytic process due to the meta-
stability and/or ambiguous surface structure of the prepared carbides
[28,29].

Direct ethanol fuel cells (DEFCs) are one of the most promising en-
ergy conversion devices, but their development is still impeded by the
inefficient oxidation of ethanol on the anode catalysts due to the poor
performance in C-C bond cleavage [30-35]. To achieve a higher selec-
tivity, the surface structure of the catalysts, including the atomic ar-
rangements and compositions, is supposed to be appropriately tailored
to facilitate both the C-C bond cleavage and the subsequent formation of
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CO». Besides, bifunctional effect to accelerate the removal of CO and
CHy species with the assistance of OH,gs is another key point to be
considered for better activity [36-39]. Therefore, great efforts and
improvement have been made in this field, but there is still a long way
off for the large-scale commercialization of DEFCs.

Herein, we report a mild synthesis of stable well-defined RhCy
nanosheets with half of the lattice octahedral sites being occupied by C
atoms, where the Rh lattice changes from the highly symmetric face-
centered cubic to an orthorhombic structure. With the specific surface
structures as well as well-controlled interstitial C atoms, the relations
between the intercalated C atoms in Rh catalysts and the corresponding
properties for the selective cleavage of C-C bond in ethanol are clearly
elucidated at the molecular level. More importantly, same method has
also been extended to introduce C atoms into the subsurface of com-
mercial Rh black to enhance its catalytic performance, which shows a
good prospect for industrial applications.

2. Results and discussion
2.1. Synthesis and structural characterizations of RhC, nanosheets
We obtained the RhCy phase by reducing Rh(acac)s in a mixture of

formaldehyde and oleylamine. As shown by the TEM image in Fig. 1a,
the as-obtained RhCy adopted a flower-like morphology, consisting of

¢ + obs d + obs
— calc —calc
i — diff S
5 | ortho-RhC, | o
= I fce-Rh > —diff
‘? k%) I ortho-RhC,
5 5 I fcc-Rh
£ =
2 3 4 5 6 s 2 3 4 5 6

QA"

QA"

Fig. 1. (a) TEM image of the as-prepared sample, with the inset showing the unit cell of the RhCy phase. (b) TEM images recorded from the same area at different
tilting angles. (c) and (d), Comparison between the diffraction patterns recorded experimentally and calculated using Rietveld refinement with an orthorhombic
structure model, and their difference for (c¢) X-ray and (d) neutron diffraction, respectively.



Z. Cao et al.

loosely stacked nanosheets with average lateral dimensions of 100 + 20
nm. Fig. 1b shows TEM characterizations of an individual particle at
different orientations relative to the electron beam. When the tilting
angle of the sample holder was increased from 0° to 50°, the profile of
the nanosheet marked by a red circle gradually evolved from a rectan-
gular rod to a plate, corresponding to the side and top views of the
nanosheet, respectively. Furthermore, the atomic-resolution scanning
transmission electron microscopy (STEM) image taken from the cross-
section indicated that the nanosheet was only comprised of 8-10 at.
layers (see Fig. S1).

To resolve the crystal structure, synchrotron powder X-ray diffrac-
tion (XRD) pattern was collected from the as-obtained sample and
shown in Fig. 1c. Clearly, the reflections are completely different from
those expected for face-centred cubic (fcc) and hexagonal close-packed
(hep) Rh [30,40]. Indexing of the XRD pattern resulted in a unique
space group of Pmnn, which belongs to an orthorhombic lattice. To
confirm this assignment and obtain detailed crystallographic
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information, Rietveld refinement was conducted against the diffraction
patterns using a model with four Rh and two C atoms in the unit cell
(inset of Fig. 1a). Fig. 1c and Table S1 show the results. The simulated
and experimental diffraction patterns are consistent with each other,
giving a satisfying goodness-of-fit (GOF) value (Ryp = 3.1 %). The
refined lattice parameters are a = 3.074(6) fo\, b =4.779(4) f\, and c
= 4.745(0) /o\, respectively. The fractional coordinates of Rh atom are O,
0.339(7), 0.252(0), with the C atoms filling half of the octahedral sites
(see Table S1). Due to the much weaker X-ray scattering power of C
relative to Rh, even the most prominent C-related diffraction peak
(1.88 A in Fig. 1c) appeared to be very weak in the XRD pattern.
Therefore, we also acquired neutron diffraction patterns and
low-frequency Raman spectra from the same batch of sample. Fig. 1d
shows the results of Rietveld refinement against the neutron diffraction
data using the model derived from the XRD pattern and the results agree
well with the experimental data (Rw, = 1.4 %). Raman shifts corre-
sponding to the lattice vibrations of orthorhombic RhCy were also

Fig. 2. (a) Aberration-corrected STEM image of an RhCy nanosheet viewed from the top surface. (b) Atomic-resolution STEM image taken from the region marked in
(a). (¢) Crystal structure projected along [001] zone axis based on the orthorhombic structure. (d) FFT image of the selected area marked in (a). (e) Diffraction pattern
projected along the [001] zone axis of the orthorhombic structure. (f) Aberration-corrected STEM image of the RhCy nanosheet viewed from the side. (g) Atomic-
resolution STEM image taken from the area marked in (f). (h) Crystal structure projected along the [110] zone axis of the orthorhombic structure. (i) FFT image of the
selected area marked in (f). (j) Diffraction pattern projected along the [110] zone axis of the orthorhombic structure.
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observed in the low-frequency region at 90.7 and 198.2 cm™ (see the
Fig. S2), confirming the existence of C atoms in the Rh lattice.

To further validate the crystal structure, aberration-corrected STEM
images were taken along different zone axes and then used to derive the
FFT patterns. Fig. 2a shows a top-view STEM image, where the outline of
a single nanosheet can be clearly resolved. Atomic-resolution STEM
image of the area selected in Fig. 2a and the corresponding FFT pattern
are shown in Figs. 2b and 2d, respectively. Regular and periodic
arrangement of Rh atoms could be well resolved, indicating that each
nanosheet was a single crystal. Figs. 2¢ and 2e, respectively, show the
simulated atomic packing and diffraction pattern along the [001] zone
axis based on the orthorhombic structure. The experimental and simu-
lated results matched with each other, providing additional evidence to
support the proposed crystal structure. Based on the STEM image
(Fig. 2b) and simulated diffraction pattern (Fig. 2e), the exposed basal
planes of the nanosheet could be indexed as {001}. In addition, the
angles between two adjacent edges of the nanosheet were fixed at 115°
(Fig. S3), consistent with the angle between {110} facets. As such, the
side face of the nanosheet could be assigned to {110}. When the electron
beam is aligned parallel to the nanosheet, as illustrated in Fig. 2f and g,
the atomic stacking can be described as ABABAB along the direction
perpendicular to the nanosheet. Based on the simulated atomic packing
along the [110] zone axis of an orthorhombic lattice in Fig. 2h, the
arrangement of atomic layers along < 001 > direction is also ABABAB.
Combining with the XRD, neutron diffraction, Raman spectroscopy, and
atomic-resolution STEM data, we can conclude that the RhC nanosheets
are crystalized in an orthorhombic phase rather than the highly sym-
metric fcc or hep structure upon the insertion of C atoms.

It should be noted that although the atomic stacking along
< 0001 > direction in an hcp structure is also ABABAB [40,41], there
are major differences between the orthorhombic and hcp phases. As
shown in Figs. 2b and 2c, unlike the Rh atoms in an hcp structure, the six
Rh atoms are not arranged into a regular hexagon. The interplanar
spacing along a and b axes also increase by 14.3 % and 2.6 %, respec-
tively (Fig. S4). Further evidence can be found in the FFT and diffraction
patterns in Figs. 2d and 2e. The angle between 020 and 110 is 57.25°,
different from the angle of 60° for an hcp structure. Furthermore, the
density of the RhC, is only 10.43 g-cm™, much lower than that of Rh in
the closest packing (12.46 g-cm™). This difference implies significant
lattice expansion for the orthorhombic phase when compared with the
hep structure characterized by a similar but closer atom packing.

2.2. Catalytic selectivity of the RhC, nanosheets toward C-C cleavage

With C atoms situated at well-controlled positions of the lattice and
the presence of a well-defined surface structure, the RhCy nanosheets
can serve as a model system to examine the effect of interstitial C atoms
on catalysis. We chose to focus on the ethanol oxidation reaction (EOR)
for its important role in DEFCs, a promising power source for mobile
electronic devices, but its development still being limited by the ineffi-
cient selectivity for the C-C bond cleavage [42-46]. Breaking the C-C
bond means total oxidation of ethanol to CO, and transfer of 12 elec-
trons to achieve the highest efficiency. In comparison, the formation of
side products such as acetaldehyde and acetic acid only involves 2 and 4
electrons, respectively, and it is difficult to further oxidize acetic acid
under common anode conditions [36-39]. To acquire a better selec-
tivity, tunability of the electronic structure of catalysts based on the
change of d-band centre to modulate the chemisorption energy of the
reaction intermediates, namely a moderate binding strength for CO,
CHy, and acetyl or acetaldehyde, but higher energy for OH binding, has
been widely adopted through the surface-structure control and/or
alloying of noble metal nanocrystals [38]. Herein, to acquire a detailed
mechanism about the effect of interstitial C atoms, the RhCy nanosheets
and their Rh counterpart that adopted an identical morphology but
without C atoms in the lattice (fcc phase, together with {111} facets on
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the surface, see Fig. S5) were compared for their electrocatalytic activity
toward EOR in terms of C-C cleavage.

Fig. 3a compares the cyclic voltammograms (CVs) of the two cata-
lysts recorded in Nj-saturated 1.0 M NaOH solutions. The shape and
potentials of H adsorption/desorption on the RhCy nanosheets were
different from those on the reference catalyst, likely due to their dif-
ference in surface structure. Fig. 3b shows the positive scan CV curves of
EOR in Nj-saturated solutions containing 1.0 M NaOH and 1.0 M
ethanol at a scan rate of 50 mV-s'l. As shown in Fig. 3c, the RhCy
nanosheets exhibited higher mass activity at 253.6 mA-mg!, which was
3.1 as high as that of the Rh counterpart (81.2 mA-mg™!). Same tendency
can be also found for the specific activity normalized by the electro-
chemical surface area (obtained from H adsorption/desorption), where
RhCy nanosheets outperformed the Rh counterpart with 1.9 times better
activity. Besides, the onset potential of the RhCx was lower than the
reference catalyst, demonstrating the improvement in kinetics for EOR.
Further analysis of the CV curves, considerable differences can be clearly
found in terms of the peak feature, where the two peaks at — 0.24 V and
— 0.09 V for Rh counterpart (dash line in Fig. 3b) merged into one peak
at — 0.21 V for RhCy nanosheets (solid line in Fig. 3b), suggesting their
major difference in selectivity toward EOR [47].

To gain insights into the difference, in situ Fourier transform infrared
(FTIR) reflection spectra were collected during EOR. Figs. 3d and 3e
show the FTIR spectra collected from the two catalysts at potentials
varying from — 0.8 V to O V at an interval of 0.1 V. In the spectra, the
two upward bands at 1045 cm™ and 1085 cm™ can be attributed to the
C-O stretching modes of ethanol [48]. The two strong downward peaks
at 1551 cm™ and 1414 cm™ can be ascribed to the asymmetric and
symmetric stretching modes, respectively, of the O-C-O unit in acetate
ion (CH3COO") [38,49]. The band that shifted from 1800 em? to
1836 cm™! with the variation in potential can be assigned to the
bridge-adsorbed CO,q species (COp) and the band in the range of
2035-2042 cm™ corresponds to the C-O band of the linearly adsorbed
COyq species (COy) [50,51]. It is expected that CO,, the product of the
complete oxidation of ethanol, would react with OH™ to form carbonate
(CO%‘) in an alkaline solution. The corresponding IR band of CO%’
(1390 em™) tends to overlap with the acetate band at 1414 em’,
resulting in a stronger intensity at 1414 cm® than that at 1551 cm™. As
illustrated in Figs. 3d and 3e, the difference in peak intensity at
1414 cm™! and 1551 cm™ for the RhCy nanosheets were much greater
than that of the Rh counterpart, suggesting a greater selectivity toward
CO4, formation on the RhCy phase. We also measured the selectivity by
applying a quantitative analytical IR method to determine the relative
concentration (Cg) of the products of EOR (Figs. S6-S8) [48,52]. As
shown in Fig. 3f, the RhCy nanosheets displayed greater selectivity to-
ward CO; in the potential region from — 0.40 V to 0 V, together with
higher catalytic activity. Specifically, the CO4 selectivity at 0 V on the
RhCy nanosheets was about 18.1 %, much greater than that of the Rh
counterpart (10.0 %), as well as the values previously reported for Rh
(110) [45], Rh(100) [30], and monometallic Pt (1-7.5 %) and Pd (2.5
%) at room temperature [31,48,49,52]. These results highlight the great
electrocatalytic performance of the RhCy nanosheets, especially the
ability to cleave the C-C bond of ethanol during EOR. Besides the
determination of the selectivity, peak assignment for the CV curves can
be also conducted with the help of in situ FTIR spectra. Three peaks
located at — 0.45 V, — 0.24 V and — 0.09 V (dashed lines in Fig. 3b) can
be clearly distinguished. The peak around — 0.45 V corresponds to the
formation of CO, while the second and third peaks at about — 0.24 V and
— 0.09 V can be attributed to the formation of acetic acid and CO». This
is consistent with the previous conclusion that CO is the main product at
lower potential scope while acetic acid and CO5 formed at higher po-
tential [47]. In the case of RhCy, the second and third peaks merged into
one peak at — 0.21 V, which may result from the higher selectivity to-
ward CO, compared with the Rh counterpart.
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Fig. 3. (a) CV curves in Ny-saturated solutions of 1.0 M NaOH (scan rate: 50 mV-s™). (b) Positive-scan CV curves in Ny-saturated solutions containing 1.0 M NaOH
and 1.0 M ethanol (scan rate: 50 mV-s ™). (¢) Catalytic activity of the different catalysts toward EOR. (d) and (e) In situ FTIR spectra of (d) the RhC, nanosheets and (e)

the Rh counterpart at different potentials in solutions containing 1.0 M NaOH and 1

.0 M ethanol, Eg was varied from — 0.80-0 V, Eg = —0.90 V, 200 scans, and the

resolution was 8 em™. (f) Potential dependence of the selectivity for the complete oxidation of ethanol to CO, (actually, carbonate in a highly alkaline solution).

2.3. Effect of lattice C atoms on C-C cleavage

To understand the high selectivity of RhCy nanosheets toward C-C
cleavage, theoretical calculations were performed to elucidate the

mechanism of ethanol dissociation. We calculated and compared the
possible elemental steps by density functional theory (DFT), including
the C-H activation, C-C cleavage, and coupling with OH*. The
energetically-favored reaction pathway for ethanol dissociation on
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RhC4(001) surface is shown in Fig. 4a. The initial step of ethanol acti-
vation on RhC4(001) is the cleavage of O-H bond to produce
CH3CH,0* intermediate, which has the lowest overall dehydrogenation
barrier compared to those pathways involving other initial dehydroge-
nation process C,-H and Cg-H, as shown in Fig. S9. Then, the
CH3CH20* intermediate undergoes sequential dehydrogenation steps to
form CH,CO* species, which are the precursors for the C-C bond
cleavage. The relevant structures of intermediates and transition states
(TS) are presented in Fig. S10.

We also investigated ethanol dissociation on Rh(111) surface, as
shown in Fig. 4b [45]. The favorable reaction pathways for ethanol
dissociation on RhCx(001) and Rh(111) are almost identical. However,
the dehydrogenation barrier on RhC4(001) surface is lower than that on
Rh(111), resulting in a higher activity on RhC4(001). For the selectivity
toward COj, on the one hand, the barrier to C-C bond breaking of
CH,CO* species on RhCy(001) is lower than that on Rh(111), 0.38 eV vs.
0.43 eV. More importantly, the CH3CO* species can easily couple with
OH* on Rh(111) to form the dominating by-product CH3COOH with a
lower barrier (0.66 eV), rather than further dehydrogenating to form
CH2CO* (0.90 eV). In comparison, this coupling step can be effectively
suppressed on RhC4(001) due to a higher barrier of 1.00 eV. Therefore,
the RhC(001) surface exhibits a higher selectivity toward CO9, which is
consistent with the experimental results. In addition, the dehydroge-
nation to CHyCO* and C-C cleavage to CHs*and CO are more
exothermic compared with the coupling reaction to CH3COOH on
RhC4(001) surface, in favor of higher selectivity for the breaking of C-C
bond.

To further elucidate the relationship between the coupling reaction
barrier and crystal structure at the molecular level, zoomed-in images of
TS on RhC,(001) and Rh(111) were analysed and their corresponding
barriers were decomposed as well. Here a co-adsorption model was
adopted to analyse the so-called reactant-activation energy that repre-
sents the energy cost for CH3CO* (OH*) moving from initial states (IS) to
TS in the absence of OH* (CH3CO*) [53,54]. The calculation details and
corresponding values of all terms are respectively specified in Fig. S11
and Table S2. The reactant-activation energies of CH3CO* (AEcp3co+) on
two different surfaces are quite similar, while it is much harder for
another reactant OH* to move from IS to TS on RhC4(001) than that on
Rh(111). As such, the difference in barrier to the coupling reaction is
mainly determined by the difference in reactant-activation energy of
OH* (AEoy+). Therefore, we further analysed the Bader charge of O on
OH-adsorbed RhC,(001) and Rh(111) surfaces, shown in Table S3. A
much greater extent of electron transfer from the metal to the adsorbed
OH on RhC,(001) was found, indicating a stronger bond between OH
and RhC,(001) surface than that on Rh(111). In other words, much more
energy is necessary for the activation of OH* to couple with CH3CO* on
RhC4(001). Typically, the difference in reactant-activation energy is
mainly determined by the variation in electronic structure for the metal
surface. Hence, we calculated the density of states (DOS) of the two
different surfaces, as shown in Fig. S12. The DOS of RhC4(001) and Rh
(111) are rather different in terms of shape and energy range. The
projected DOS of Rh atoms on RhC4(001) is distributed much broader
than that on Rh(111) due to the insertion of C atoms, where a large
overlap between the d orbitals of Rh and the p orbitals of C can be
identified in the ranges of —4.13eV to — 7.33eV and 0.24 eV to
3.38 eV. If Rh atoms adopt the same orthorhombic structure but without
C atoms (expressed as ortho-Rh(001), shown in Fig. S12c), the d orbitals
of Rh atoms are mainly distributed between — 4.13 eV and 1.66 eV,
manifesting the significant effect of interstitial C atoms on the electronic
structure of the catalyst surface. It is also validated by the results of X-ray
photoelectron spectroscopy (XPS) and Bader charge of Rh in RhC4(001),
confirming the charge transfer between C and Rh atoms (Fig. S13 and
Table S3).

Beside the difference in reactant-activation energy, there are also
some distinctions about the interaction energy AEi,, which is highly
related to the geometric structure of the metal surface. Figs. 4c and 4d
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show the transition structures of CH3CO* and OH*. Clearly, the
OH* and CH3CO* species do not share the same metal atoms, the dis-
tance between the O atom of OH* and the carbonyl C atom in
CH3CO* on Rh(111) is 1.90 10\, while it increased to 1.96 A on
RhC,(001). This suggested that the energy of TS on RhC4(001) would be
higher than that on Rh(111), leading to a larger energy barrier to the
coupling reaction on RhC4(001). The value of AEj, on RhC(001) is
0.13 eV, larger than that on Rh(111) surface (0.03 eV), in agreement
with the variation in geometric structure between the two different
surfaces, where large lattice expansion was found on RhCx(001) because
of the insertion of C atoms into the octahedral interstices.

2.4. Enhancing the catalytic properties of Rh black with interstitial C
atoms

Based on the understanding of the catalytic effect of interstitial C
atoms on Rh nanosheets, we also attempted to improve the performance
of commercial Rh black. As shown in Fig. 5a and 5b, when treated in a
mixture of oleylamine and formaldehyde, the commercial Rh black was
partially transformed into the orthorhombic RhCy phase. The interstitial
C atoms only existed in the subsurface region. Generally, in contrast to
the incorporation of C atoms during the growth of nanocrystals, namely
the bottom-up approach [29], it is much more challenging to introduce
these foreign atoms into the lattice of an existing crystal under mild
conditions [28,55]. To the best of our knowledge, this is the first report
on the insertion of C atoms into the lattice of preformed nanocrystals
through a mild wet chemical approach. When benchmarked against the
pristine Rh black, the as-modified Rh black (orthorhombic RhCy)
exhibited 2.5- and 1.9-times improvement in selectivity and specific
activity, respectively, as shown in Figs. 5¢, 5d and Fig. S14. In addition,
the stability test of the modified commercial Rh black was carried out
through the long-term chronoamperometric method recorded at — 0.3 V
(vs Hg/HgO). With periodic activation in fresh 1.0 M NaOH solution, the
activity can be fully recovered, shown in Fig. S15a. Besides, the CV
curves of the initial and final states of the modified commercial Rh black
were similar (Fig. S15b), but significantly different from the pristine
commercial Rh black with fcc structure. This suggests that the ortho-
rhombic RhCy structure was stable during the chronoamperometric
stability test. These observations not only further validate the remark-
able effect of interstitial C atoms but also hold great promise for
enhancing the performance of industrial catalysts.

3. Conclusion

In summary, we have successfully introduced C atoms into the
interstitial sites of well-defined Rh nanosheets and further elucidated the
electronic and geometric effects of the C atoms on the C-C cleavage
during ethanol electrooxidation at the molecular level. With the incor-
poration of C atoms, the Rh lattice changed from the highly symmetric
cubic structure to an orthorhombic phase, with the added C atoms
occupying half of the distorted octahedral sites. The electron transfer
between C and Rh atoms, as well as the expanded crystal lattice, reduced
the barrier to dehydrogenation step and increased the barriers to side
reactions, leading to enhancement in both selectivity and activity. More
importantly, the insights on structural transition and catalytic mecha-
nism were further utilized to directly introduce C atoms into the sub-
surface region of commercial Rh black to greatly enhance its catalytic
selectivity and activity toward ethanol oxidation.
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