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The preparation of active and CO-tolerant platinum-free electrocatalysts toward hydrogen oxidation reaction (HOR) under

DOI: 10.1039/x0xx00000x

alkaline condition is significant for the practical development of anion exchange membrane fuel cells. Herein, nitrogen atoms

intercalated into the interstitial void of rhodium (N-Rh/C) nanocrystal is fabricated, which constructs electron-deficient and

electron-rich Rh sites simultaneously to coordinate the binding energies of multiple key intermediates, achieving highly

active and CO-resistant alkaline HOR. In situ surface-enhanced infrared absorption spectroscopy and density functional

theory calculations illustrate that the introduction of interstitial N atoms suppresses the electronic back-donation from Rh

4d to the CO 2it* orbital in electron-deficient sites, thereby weakening the CO adsorption and improving CO resistance.

Additionally, the enhanced OH adsorption in electron-rich sites can release more free water into adjacent gap region,

increasing water connectivity and hydrogen-bond networks in the electrical double layer, accelerating alkaline HOR kinetics.

Introduction

Hydrogen fuel cell has garnered considerable attention in
addressing the pressing issues of energy crises and
environmental pollution.3 The advancement of non-noble
metal-based catalysts in alkaline environments significantly
mitigates the reliance on precious metals in the cathodic oxygen
reduction reaction (ORR), positioning anion exchange
membrane fuel cells (AEMFCs) as one of the ideal devices.*7
However, the kinetics under alkaline conditions has decreased
by several orders of magnitude compared to acidic conditions
for the hydrogen oxidation reaction (HOR), which has
observably hindered the large-scale application of AEMFCs.??
Furthermore, hydrogen produced by current industrial methods
inevitably contains a certain amount of CO, and purification will
lead to a substantial increase in costs.'%12 The reason for the
poisoning and deactivation of active sites caused by CO
adsorption is the strong electronic back-donation behavior from
metal d to the CO 2rt* orbitals.’® Therefore, current research
focuses on weakening the chemical CO adsorption by
modulating the electronic structure of the catalyst.1418
However, it remains challenging to prepare alkaline HOR
catalysts that simultaneously satisfy high activity and CO
tolerance.

At present, the d-band center theory is mainly relied upon to
describe the binding strength between various intermediates
and the catalyst surface, and its downward shift is considered
to reflect the weakening of intermediate adsorption.1®20
However, for electrocatalytic processes involving multiple
reactants, single-type electronic regulation of the catalyst is far
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from sufficient. For instance, the downward shift of the metal
d-band center will reduce the binding energy of H and CO, which
is conducive to alkaline HOR, but will lead to a attenuated OH
binding energy concurrently. 2122 |t has been reported that
enhancing hydroxyl binding energy (OHBE) can promote the
oxidation of surface-adsorbed H and CO and accelerate the HOR
process. 2324 Besides, Chen and his colleagues propose that the
hydrogen-bond network in the electrical double layer (EDL)
during alkaline hydrogen electrode reactions becomes sparse
(i.e., there is a gap region) due to the presence of bulky cations,
while OH adsorption can increase the H,0,,, content, enhance
the connectivity of the water network, and thereby promote
the transport of H*.25 However, adjusting the metal active sites
purposefully according to the adsorption requirements of
different intermediates to achieve simultaneous optimization
of binding strength is indispensable but also challenging for
constructing excellent alkaline HOR catalysts.

Unlike traditional alloying and doping, interstitial alloying can
change the electronic structure of metals without affecting the
surface reaction of the catalyst, and can make full use of active
sites.2629 Herein, we have successfully constructed interstitial N
modified Rh supported on carbon (N-Rh/C) through colloidal
synthesis and hydrothermal methods. DFT calculation results
show that when the N atoms are inserted into the interstitial
sites of Rh nanocrystals, and the CO*/H* adsorption site
becomes electron-deficient while the OH* adsorption site
becomes electron-rich, thus simultaneously optimizing the
adsorption of multiple intermediates. In situ surface-enhanced
infrared absorption spectroscopy (SEIRAS) indicates that the N-
Rh/C suppresses the electronic back-donation from Rh 4d to the
CO 2m* orbital, thereby weakening the CO adsorption.
Moreover, enhanced OH adsorption promotes the
transformation of the interfacial water type, increasing the
water content in the gap region and improving the connectivity
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Fig. 1 (a) The synthesis process diagram for N-Rh/C. (b) XRD patterns of N-Rh/C and Rh/C. (c) The Rh 3d XPS spectra for N-Rh and Rh/C. (d) XPS spectra of N 1s in N-
Rh. (e) TEM image of the N-Rh. The inset shows the average size of the particles. (f) HAADF-STEM image of the N-Rh. The inset shows the corresponding FFT diffraction
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pattern of N-Rh. (g) HAADF-STEM elemental mappings of the N-Rh with Rh (red), N (blue), and overlap.

of the interfacial water network within the EDL. Consequently,
N-Rh/C exhibits excellent alkaline HOR catalytic activity and CO
tolerance, with a mass activity is 8.0 times higher than that of
Rh/C and 2.7 times higher than that of Pt/C, respectively

Results and discussion

The synthesis schematic diagram illustrates the general
synthetic process for N-Rh/C in Fig. 1a, which first obtained Rh
nanoparticles by colloidal synthesis and then inserted small N
atoms into them by hydrothermal methods. Powder X-ray
diffraction (XRD) analyses in Fig. 1b are conducted to confirm
that the crystal structures of the catalysts are matched well to
the standard Rh (PDF# 87-0714). The (111) peak at 41° shows a
slight negative shift about 0.3°, indicating lattice expansion due
to the introduction of N atoms into the interstitial sites of Rh
crystal structure. The valence state and chemical composition
of the catalyst surface were characterized by X-ray
photoelectron spectroscopy (XPS). Fig. 1c depicts the high-
resolution Rh 3d spectra of N-Rh/C, which can be separated into
metallic peaks (Rh® 3ds/,, 312.1 eV; Rh® 3ds,,, 307.4 eV) and
oxidized Rh species (Rh3* 3d3,, 313.1 eV; Rh3* 3ds),, 308.4

2| J. Name., 2012, 00, 1-3

eV).3031 Compared with Rh/C, the Rh® peaks exhibit 0.3 eV
positive shift, indicating that the electron transport from Rh to
N, resulted in electron-deficient state of Rh atoms. The N 1s XPS
spectra (Fig. 1d) has two peaks at 397.9 and 399.9 eV,
corresponding to N-Rh bond and pyrrolic N.3233 The atomic
proportion of Rh and N in N-Rh/C is 16.58% and 2.97%
respectively, according to the XPS results in Table S1. The
transmission electron microscopy (TEM) images show uniformly
dispersed nanoparticles and the average size is about 2.81 nm
in Fig. 1e. Combined with the similar morphology and particle
size of Rh/C (Fig. S1), the difference in activities caused by
particle size is eliminated. The high-resolution STEM images
prove that the lattice spacing in the (200) plane of N-Rh
nanoparticles is 0.195 nm, and the lattice spacing in the (111)
plane is 0.229 nm, which are slightly expanded compared with
0.190 nm and 0.219 nm in conventional Rh, confirming the
successful introduction of N at the interstitial position of Rh
nanoparticles. Corresponding fast Fourier transform (FFT)
pattern is further confirmed (Fig. 1f).3* Furthermore, the
elemental distribution of the N-Rh nanoparticles was studied
using HAADF-STEM energy-dispersive X-ray (EDX) mapping (Fig.
1g), in which the Rh and N are uniformly distributed. The line-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Rh K-edge XANES spectra of the Rh foil, N-Rh/C and Rh,03 with the references. (b) Determination of Rh oxidation in N-Rh/C. (c) Fourier transform of EXAFS
spectra for Rh. (d) EXAFS fitting curves in R space of N-Rh/C. Wavelet transforms for the k3-weighted Rh K-edge EXAFS of Rh foil (e), N-Rh/C (f) and Rh,03 (g).

scan electron energy loss spectroscopy (EELS) spectra were
collected across the N-Rh nanoparticle (Fig. S2), showing
distinct Rh Ms-edge and N K-edge signals.

X-ray absorption structure (XAS) spectroscopy measurements
were investigated to further obtain the local coordination
environment of the N-Rh/C. Fig. 2a shows the normalized Rh K-
edge XANES spectra of N-Rh/C. With Rh foil and Rh,0O; as
reference, the line of N-Rh/C displayed a positive shift, and the
average valence of Rhin N-Rh/C is determined to be +1.1, which
means that Rh transfers electrons outward (Fig. 2b).3> The
extended X-ray absorption fine structure (EXAFS) spectra of the
N-Rh/C shows the local coordination environment around Rh
sites in Fig. 2c, in which the peak at 1.5 A belongs to the Rh-O/N
bond, and the peak at 2.4 A indicates the Rh-Rh bond. The
quantitative least squares EXAFS fitting analysis obtained the
local chelation parameters around the Rh sites, and the
corresponding fitted structural parameters were shown in Fig.
2d and listed in Table S2. Two different local coordination
structures of Rh-Rh coordination shell and Rh-O/N coordination
shell for N-Rh/C with the average bond lengths of 2.45 and 1.56
A, which show coordination numbers of 7.9 and 2.7, can reveal
that N atoms inserted into the lattice gap of Rh successfully. The
wavelet-transform (WT) corresponding to the Rh K-edge EXAFS
(Fig. 2e-g) further verified the Rh-Rh and Rh-N bonds in N-Rh/C,
further confirming the nitridation of Rh nanoparticles.

The electrocatalytic performance toward alkaline HOR of the
obtained samples were evaluated with a standard three-
electrode system in an H,-saturated 0.1 M KOH electrolyte. As
shown in Fig. 3a, the current density of N-Rh/C shows a
significant enhancement compared with Rh/C and commercial
Pt/C, manifesting the significance of interstitial nitrogen in
improving the HOR activities. According to the simplified Butler-
Volmer equation (Fig. S3), the micro-polarization region (-5to 5

This journal is © The Royal Society of Chemistry 20xx

mV) further confirms improvement of performance. The
influence of N-doping amount on the catalyst activity is studied
by changing the input amount of urea. As shown in Fig. S4, N-
Rh/C with an input amount of 240 mg urea has the best
performance. Furthermore, in order to exclude the influence of
H, mass transport and obtain kinetic current densities (j), the
HOR polarization curves of N-Rh/C as a function of the rotation
rate at rotation speeds from 625 to 2500 rpm were investigated
to obtain the relevant kinetic parameters (Fig. S5), for which the
increased plateau current density along with the elevated
rotation rate indicates accelerated mass transport. The
corresponding Koutecky-Levich plot was constructed, in which
the j1 exhibits a linear relationship with the BEY/2 (Fig. S5-57).36
The kinetic current densities (j*) of the HOR on the N-Rh/C,
Rh/C, and Pt/C electrodes were extracted using the Koutecky-
Levich equation. The corresponding Tafel plots of the samples
are presented in Fig. 3b.37-3° Based on the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) results in Table
S3, the normalized mass activity denoted as j*™ at the
overpotential of 50 mV of the N-Rh/C is 1.04 mA pggnt, which is
8.0 and 2.7 times greater than those of the Rh/C (0.13 mA uggp
1) and Pt/C (0.38 mA ugpt), respectively. Furthermore, the N-
Rh/C also present the highest /™ among the tested samples (Fig.
S8). The electrochemically active surface area (ECSAs) was
tested by the Cu underpotential deposition (Cuyg) to
investigate the intrinsic activities of different catalysts (Fig. S9).
The ECSA normalized exchange current density (%) was
estimated. As shown in Fig. 3c, N-Rh/C unambiguously exhibited
the highest jo* of 0.73 mA cm2, which is approximately three
times higher than those of Rh/C (0.27 mA cm-2) and Pt/C (0.23
mA cm-2). Furthermore, the exchange current density of N-Rh/C
outperform most of the platinum-group metal (PGM)-based
HOR catalysts in the previous reports (Fig. S10 and Table S4).

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) HOR polarization curves of N-Rh/C, Rh/C, and Pt/C in H,-saturated 0.1 M KOH. (b) Tafel plots derived from (a), normalized j* by the Butler-Volmer fittings. (c)

Comparison of the mass activities (™) at 50 mV and the ECSA-normalized exchange

current densities (%) of N-Rh/C, Rh/C, and Pt/C. (d) Non-monotonously relation

between j© and the pH of N-Rh/C. (e) CO stripping curves of N-Rh/C and Rh/C. (f) HOR polarization curves before (solid line) and after (dashed line) a
chronoamperometry test of N-Rh/C in H,-saturated 0.1 M KOH solution. (g) I-t curves obtained at 0.1 V vs. RHE in 1000 ppm CO/H,-saturated 0.1 M KOH solution.

In recent years, with continuous exploration and discoveries by
previous studies regarding the pH effect involved in hydrogen
oxidation reactions (HOR), it has been found that some catalysts
exhibit inflection point behavior, that is, the apparent activity
(/) initially decreases and then increases as the pH of the
electrolyte increases. This phenomenon not only challenges the
traditional belief that higher alkalinity leads to slower HOR
kinetics but also highlights the intensity of hydroxyl adsorption
as a primary descriptor for HOR activity under alkaline
conditions.*%41 Therefore, further investigation into the activity
optimization mechanism of N-Rh/C was conducted by
measuring pH-universal HOR polarization curves (Fig. S11 and
Table S5). As shown in Fig. 3d, when the pH ~ 7, the j° of N-Rh/C
abnormally increases. The same situation occurs at Rh/C, but it
shows an abnormally increased j° only when the pH ~ 8.2 in Fig.
S12. Moreover, CO stripping experiments indicated that the
peak of CO oxidation for the N-Rh/C catalyst shifted negatively
by 35 mV compared to that of Rh/C (Fig. 3e), suggesting a
stronger binding affinity between N-Rh/C and OH*.#2 The zeta
potential experiments manifest the strengthened OHBE as well,
on the basis of more negative charge of N-Rh/C (-25.76 mV)
than Rh/C (-15.16 mV) in Fig. S13. The stability tests of the
catalysts were carried out by conducting 1000 cyclic
voltammetry (CV) measurements to test the stability of the
catalyst. The polarization curve and CV curve (Fig. S14) of N-
Rh/C did not attenuate significantly before and after stability

4| J. Name., 2012, 00, 1-3

test, and the exchange current density could maintain 97.16%,
which was better than Rh/C (Fig. S15), highlighting the excellent
stability of N-Rh/C. In addition, the structure of the catalyst
remains basically unchanged after stability test (Fig. S16). The N
1s XPS spectra after the stability test also shows the existence
of the interstitial N in Fig. S17.

Limited by the means of hydrogen production, the hydrogen
used at the anode side will inevitably contain trace CO
impurities. The CO adsorbed on the catalyst active site compete
with the intermediates H* and OH* involved in the HOR
process, causing catalyst poisoning, resulting in reduced activity
and even catalyst inactivation.*>'” The CO resistance for the
catalysts was evaluated by the HOR polarization curves before
and after a chronoamperometry test under 1000 ppm CO/H,.
Compared with the initial curve without CO poisoning, in the
first cycle curve after CO poisoning, the current density of N-
Rh/C maintained 50.8% at 0.05V, while Rh/C only remained
5.14% (Fig. 3f, S18), which indicates that the surface of N-Rh/C
absorbed less CO and the adsorption capacity was weaker. As
the electric potential increases, the adsorbed CO may
oxidize/desorption with the adsorbed OH, resulting in
reversible recovery of the poisoned active site.** As expected,
in the second cycle curve at 0.05 V, the current density of N-
Rh/C can recover to 96.4%, while Rh/C only recovers to 53.3%.
Based on the above experimental phenomena, it can be
reasonably inferred that N-Rh/C has the weaker CO adsorption

This journal is © The Royal Society of Chemistry 20xx
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capacity, and the enhanced OH adsorption releases the toxic
active site, thus achieving excellent CO resistance. I-t curves in
Fig. 3g are obtained by chronoamperometry tests at 0.1 V vs.
RHE in 1000 ppm CO/H,-saturated 0.1 M KOH solution. The
current density of Rh/C and commercial Pt/C rapidly deactivate
in 2000 s, while N-Rh/C can still maintain 70% at 4000 s,
indicating the superior CO tolerance (Table S6).

Many studies have shown that the CO adsorption is related to
the transfer of electrons from metal 4d to the CO 27t* orbital.*>
In general, the more electrons are transferred in reverse, the
stronger the Rh-C bonds and the weaker the corresponding C-O
bonds. Therefore, in situ SEIRAS can be used to determine the
extent of electron back-donation and its effect on CO
adsorption.*®47 As shown in Fig. 4a and S19, SEIRAS of N-Rh/C
and Rh/C were collected at the potential from 0to 0.8 Vin a CO-
saturated 0.1 M KOH solution, and the peaks of ~2100 cm™?
could be attributed to the CO adsorbed on the Au film substrate.
The CO adsorption on the catalyst is divided into two types due
to its different state: bridge adsorption (*COg) at around 1850
cm™ and linear adsorption (*CO,) at around 1950 cm, among
which the adsorption of *CO, is the main cause of catalyst
poisoning. Firstly, compared with Rh/C, the peak strength of
both *COgz and *CO, in N-Rh/C, are significantly reduced,
indicating lower CO coverage on its surface, which indirectly
reflects its weak CO adsorption. In addition, the blueshift of
peaks occur with the incremental potentials, which are
consistent with the decrease of back-donation from the Rh 4d
to the CO 27t* orbitals, leading to the weakened CO adsorption.
A function between the CO vibrational wavenumber and the
applied potential was constructed in Fig. 4b and S20. At the

This journal is © The Royal Society of Chemistry 20xx

same potential, the absorption peak frequency of N-Rh/C is
higher than Rh/C, indicating that its CO adsorption is weakened.
Moreover, the higher stark tuning rates of *COg (105 vs 101 cm-
1v-1) (Fig. S16) and *CO, (135 vs 85 cm™ V1) (Fig. 4b) for N-Rh/C
indicate the decrease of CO coverage, which further proves that
the CO adsorptionis inhibited, and explains the strong tolerance
of N-Rh/C to CO.

The interfacial water structure in the electrical double layer
(EDL) on the catalyst surface can also be observed by in situ
SEIRAS.*%4% The O-H stretching vibration peak (2800 cm™ - 3800
cm) of interfacial water can be deconvolved into three
different types of water, namely, the water molecule located in
the gap region (H;O4,p, ~3600 cm), the water molecule located
above the interstitial region (H2O0apove-gap, ~3400 cm1) and the
water molecule near the electrode surface (K-H,0, ~¥3200 cm),
in which the H,0g4,, can be used as an index to judge the
connectivity of hydrogen bond network (H-bond network) (Fig.
4c and S21).2>°051 Compared with Rh/C, N-Rh/C has a higher
proportion of H,04,, and it improves with the increase of
applied potential (Fig. 4d). Upon analyzing the proportional
changes of various types of interfacial water in Fig. S22, it was
found that as the potential increased, the proportion of K-H,0
decreased, the proportion of H,0g,, increased, while that of
H;0above-gap remained largely stable. Therefore, the enhanced
OH adsorption on N-Rh/C can prompt more OH species to
coordinate with K*, causing them to release more free water
into adjacent gap region to construct H-bond networks.
Moreover, the O-H stretching bond of H,04,, moves ~15 cm
toward the lower wavenumber (Fig. 4e), indicating that the
increased concentration of water in the gap region, which can

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 (a) The top view calculation models of N doped Rh in substituting Rh
atom and intercalating into the Rh octahedral interspace. Rh and N atoms are
denoted by pink and blue spheres. (b) Gibbs free energy schematic plot for
the adsorption of H* and OH* on the surface of Rh and N-Rh. (c) The
adsorption energy difference AE,qs (Eags,co-Eadsnz2) Of Rh and N-Rh. (d) The
pDOS of Rh 4d orbitals in Rh and N-Rh. The pDOS and -pCOHP curves for CO
adsorption on (e) Rh and (f) N-Rh surface.

further promote the H-bond network continuity. This further
leads to abnormal behavior of the catalyst's activity at lower pH
conditions - an earlier appearance of the inflection point. These
phenomena represent that N-Rh/C has a better proton
transport, and improves the reaction kinetics of alkaline HOR.
Consequently, the function of interstitial N atoms achieves the
enhancement of CO resistance and HOR activity by weakening
CO adsorption but strengthening OHBE (Fig. 4f).

Carry out density functional theory (DFT) calculations to gain an
in-depth  understanding of the structure-adsorption
relationship. Firstly, in order to prove that N atoms are more
inclined to intercalate into the Rh octahedral interspace than to
replace the Rh atoms, the corresponding structural model is
calculated in Fig. 5a. The intercalation behavior has lower
formation energy, indicating that its structure is more stable.
This verifies the rationality of the N-Rh structure prepared in
this work, and provides a basis for the subsequent DFT
calculation.3233 As shown in Fig. S23, Rh (111) and N-Rh (111)
models are constructed. According to calculate the charge
density difference on Rh (111) before and after the introduction
of interstitial N in Fig. S24, it can be determined that there is an
obvious electronic interaction between the interstitial N and
the surrounding Rh sites. Firstly, the adsorption energy of H*
and OH*, the key intermediates involved in the alkaline HOR
process, was calculated following the structural models shown
in Fig. S25 and S26. N-Rh exhibits a Gibbs free energy for H*
(AGy+) of -0.206 eV, indicating weaker hydrogen binding
strength compared to Rh (-0.254 eV) (Fig. 5b), which is
consistent with the hydrogen underpotential deposition (Hypd)

6 | J. Name., 2012, 00, 1-3

findings from cyclic voltammetry (CV) experiments. dFig
$27).5253 The lower binding strength Drcilita®é3/Oeve 02aptd
adsorption or desorption of H intermediates during the
reaction, promoting their binding with other intermediates. The
Gibbs free energy for OH* (AGgy+) on N-Rh (0.333 eV) was
significantly enhanced than that of Rh (0.472 eV) in Fig. 5b,
which is conducive to the oxidation of H* and CO*.4317
Moreover, the enhancement of OHBE can promote the
connectivity of the hydrogen bond network in the EDL and
promote the reaction kinetics, which is the reason why the
alkaline HOR activity of N-Rh/C is increased.>%>! |n addition,
compared with Rh, the adsorption energy of CO* on N-Rh is
reduced (Fig. S28 and S29), which is consistent with the in situ
SEIRAS results (Fig. 4a). Combined with the computational
model and previous studies, CO* and H* compete for the same
active site, so the adsorption strength of the two on the catalyst
surface was compared. As shown in the Fig. 5c, the introduction
of N atoms significantly reduced the difference in adsorption
energy between CO* and H*, improved the adsorption
competitiveness of H*, thus promoted the CO-resistant ability
of the catalyst. The projected partial density of state (pDOS) in
Fig. 5d shows the position of d-band center (E4) of N-Rh further
away from the Fermi level (Ef), weakening the H* adsorption
and reducing the degree of the electron back-donation from Rh
4d to CO 27t*.5%>> In order to further explore the reason of the
attenuated COBE/HBE but enhanced OHBE, by analyzing the
computational models, it is found that CO*/H* tends to be
adsorbed at the same site and OH* at another site (Fig. S25, 26
and 28). According to calculate the charge density difference on
Rh (111) before and after the introduction of interstitial N, the
influence of interstitial N on the Rh site is nonhomogeneous. As
shown in Fig. S30, the electron deficiency state around CO*/H*
site reduces the degree of the electron back-donation from Rh
4d to CO 2it* and shows the position of d-band center (E4) of N-
Rh further away from the Fermi level (Es), weakening the CO
adsorption, while electron accumulation around OH* site led to
the opposite adsorption result.>®>7 The Bader charge analysis
also indicates that the CO*/H* sites tend to lose electrons and
the OH sites tend to gain electrons.

By tracking the molecular orbital interactions between CO
adsorbents and Rh active sites in different models, the reasons
for inhibiting CO adsorption were explored in depth.
Specifically, CO internal bonds and Rh-CO interactions on
catalysts were revealed by C- and O- projected density of states
(pDOS) and projected crystal orbital Hamilton population
(pCOHP) (Fig. 5e and 5f). Compared with Rh, the 27C* orbital of
CO on the N-Rh surface in a higher energy level and less
occupied, indicating weaker CO adsorption and activation. In
addition, the reduction of the occupied bond orbitals of Rh-C on
the N-Rh relative to the Rh can be quantitatively obtained by
integrating the projected crystal orbital Hamilton population
(IpCOHP) (Table S7), which also confirms the reduction of CO
adsorption.>®0 The results of orbital analysis show that the
filling of interstitial N atoms at the octahedral site of Rh can
reduce the chemisorption of CO by inhibiting the electron back-
donation from the Rh 4d to the CO 27t* orbitals. Based on all the
studies conducted, the interstitial N atoms have the capability

This journal is © The Royal Society of Chemistry 20xx
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to modulate the electronic structure of the Rh sites, leading to
an augmentation of OHBE and a decrease in both HBE and COBE
(CO binding energy). These alterations collectively contribute to
the enhancement of alkaline HOR activity and the promotion of
CO tolerance.

Conclusions

In summary, we demonstrated that interstitial N modified N-
Rh/C nanoparticles can be used as highly efficient and CO-
resistant catalyst for alkaline HOR, with the mass activity 8.0
and 2.7 times higher than Rh/C and commercial Pt/C. Density
functional theory calculations manifest that the existence of
interstitial N leads to an electron-losing state at the CO*/H*
site, which causes the upshifted d-band center to weaken HBE
and suppress electronic back-donation from Rh 4d to the CO
2mt* orbital, and an electron-gaining state at the OH* site, thus
optimizing the binding energies of multiple intermediates
simultaneously. Meanwhile, the observed inflection point
behavior reflects the importance of hydroxyl adsorption, and
according to in situ SEIRAS, the optimization of hydrogen-bond
network continuity caused by OHBE enhancement also
confirmed the acceleration of HOR kinetics. This work not only
provides a unique direction for the design of advanced metal-
based catalysts, but also inspires the exploration of efficient
catalysts involving multi-intermediate reactions.
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