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Ruthenium/Carbon Nanocomposites for Efficient Hydrogen

Electrocatalysis: Impacts of Halide Residues

Bingzhe Yu, Qiming Liu, Chaochao Dun, Davida Briana DuBois, Bryan Hou, Dingjie Pan,
John Tressel, Kiley Mayford, Colton Jones, Xiao Wang, Qingfeng Ge, Frank Bridges,

and Shaowei Chen*

Ruthenium has emerged as a promising substitute for platinum
toward the hydrogen evolution/oxidation reaction (HER/HOR).
Herein, ruthenium/carbon composites are prepared by magnetic
induction heating (300 A, 10 s) of RuCls, RuBr; or Ruls loaded on
hollow N-doped carbon cages (HNC). The HNC-RuCl5-300A sam-
ple consists of Ru nanoparticles (dia. 1.96 nm) and abundant Cl
residues. HNC-RuBrs-300A possesses a larger nanoparticle size
(=19.36 nm) and lower content of Br residues. HNC-Rul;-300A
contains only bulk-like Ru agglomerates with a minimal amount
of | residues, due to reduced Ru-halide bonding interactions.
Among these, HNC-RuCl;-300A exhibits the best HER activity in

1. Introduction

To mitigate the pressing issue of the depletion of fossil fuels,
researchers are turning to renewable and sustainable energy
sources, among which hydrogen has been hailed as the “fuel
of the future”."? In fact, hydrogen fuel cells have been attracting
extensive attention as a sustainable energy technology, featuring
high efficiency and zero emissions, and have found diverse appli-
cations in transportation, stationary power generation, and
portable electronics, among others.** Yet, the widespread appli-
cation of hydrogen fuel cells is hampered by a range of chal-
lenges, in particular, energy-intensive production and costly
storage and transportation of the hydrogen gas.®™ One viable
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alkaline media, with a low overpotential of only —26 mV to reach
10 mA cm ™2, even outperforming Pt/C, and can be used as the
cathode catalyst for anion exchange membrane water electro-
lyzer (along with commercial RuO, as the anode catalyst), produc-
ing 0.5 A cm 2 at 1.88 V for up to 100 h, a performance markedly
better than that with Pt/C. HNC-RuCl5-300A also exhibits the best
HOR activity, with a half-wave potential (+18 mV) even lower
than that of Pt/C (+35 mV). These activities are ascribed to the
combined contributions of small Ru nanoparticles and Ru-to-
halide charge transfer that weaken H adsorption.

solution is to produce hydrogen via water electrolysis driven
by renewable energy such as solar and wind power.’®”

There are two key half reactions in these energy technologies,
the hydrogen evolution reaction (HER) in water splitting and the
hydrogen oxidation reaction (HOR) in hydrogen fuel cells, both of
which require appropriate catalysts to boost the electron-transfer
kinetics such that a high current density can be produced to meet
practical demands.®®! Pt-based nanoparticles have been the cat-
alysts of choice for both HER and HOR; yet, the high cost and low
earth abundance of platinum hinder the development.'®'
Ruthenium has emerged as a promising alternative, thanks
largely to a relatively low cost (=40% of Pt) and similar
hydrogen binding energy (=65 kcal mol™") to that of Pt.I'*"'®
Mechanistically, Ru is located on the left side of the volcano plot
of hydrogen adsorption free energy (AGy), suggestive of a some-
what too strong H adsorption that is nonideal for the desorption
of H, after reaction on the catalyst surface.'®'® This also means
that the HER and HOR performance can be enhanced by slightly
weakening H adsorption. To date, a range of strategies have been
explored towards this goal. For instance, Wu et al." prepared
Cu—Ru alloy by ammonium sulfate etching to remove metallic
Mn from Ru—Cu—Mn ribbons obtained via arc melting, and
the CussRuy; sample exhibited the highest HER activity with a
low overpotential (77;0) of —15mV to reach the current density
of 10 mA cm™2 This was ascribed to Cu alloying that weakened
the Ru—H interaction, as Cu resides on the right side of the HER
volcano plot. The alloying strategy has also been applied to HOR
electrocatalysis. Yang et al.*® synthesized Pt@Ru alloy nanopar-
ticles (<3nm) by sequential reduction of Pt and Ru at
varied annealing temperatures and observed a low HOR half-
wave potential (E;,) of +123mV in alkaline media, with a
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mass-normalized exchange current density (jo,m) 8.0 times that of
commercial Pt/C and the corresponding area-normalized
exchange current density (jorcsa) 5.8 times greater. In another
study, Su et al.”"! deposited Ru nanoparticles on Co single atoms
embedded within O-doped graphene (OG) and observed
a remarkably enhanced HER activity in alkaline media
(7110=—13mV), as compared to that without Co single atoms
(710 = —48 mV), due to charge transfer from the Ru cluster to
the Co,/0G scaffold.

Engineering of the coordination environment and electronic
structure represents another strategy for catalyst design. For
instance, Li et al.*? prepared Ru nanoclusters anchored on N,
S-codoped carbon nanosheets (Ru—S/N-C), which featured an
710 (—10mV) markedly lower than that (—29 mV) of the S-free
counterpart, because the incorporation of S dopants led to
charge redistribution and weakened the H adsorption on Ru.
In a more recent study, Wang et al.”® synthesized amine-
modulated Ru nanoclusters and observed an electrocatalytic activ-
ity towards both HOR (E;,, = 425 mV) and HER (37,0=—13mV) in
alkaline media due to a downshift of the d-band center of Ru
caused by the amine ligands. Notably, according to the d-band
theory,**?* the lower the d-band center (in energy) relative to
the Fermi level, the weaker the binding strength between the
transition metals and adsorbates. Crystal phase modulation has
also been exploited as a practical strategy to manipulate H
adsorption. Zheng et al.*® prepared anomalous face-centered
cubic (fcc) Ru nanoparticles on a graphitic carbon nitride/carbon
(g-C3N4/C) substrate and observed an enhanced HER activity
(710 =—79mV) as compared to that of hexagonal close-packed
(hcp) Ru/C (5710 = —120 mV), which was ascribed to favorable H
adsorption on fcc Ru(100) as compared to that on hcp
Ru(0001). Similarly, He et al.?” synthesized fcc Ru nanocrystals
using an ammonia-induced method and observed a superior
performance in both HOR and HER as compared to hcp Ru/C,
due to a negative shift of the Ru d-band center and weakened
H adsorption on Ru.

Surface modification by heteroanion residues has recently
been found to also impact the electrocatalytic activity. Such a
unique feature is generally observed in samples prepared by
ultrafast synthesis, due to incomplete decomposition of the metal
salt precursors. For instance, Zhang et al.?® prepared axial ligand-
modified Pt single atom catalysts on NiFe-layered double hydrox-
ide nanoarrays by an irradiation-impregnation strategy. Among
the sample series, the chlorine-modified sample (CI-Pt/LDH)
was found to exhibit the best HER activity (170 =—25.2mV) in
1M KOH, due to the strong electronic interaction between Cl
and Pt single atoms that induced Pt-to-Cl charge transfer and
hence weakened H adsorption on Pt. In another study, Wu
et al?? prepared halogen-decorated Ru/RuP, heterojunction
composites via a microwave procedure, and the bromine-
modified sample (Br-Ru/RuP,) stood out among the series of sam-
ples with a low 7o of —34 mV, due to a favorable AG. In a more
recent study,®” we prepared carbon-supported ruthenium nano-
particles by magnetic induction heating (MIH) of RuCl; on carbon
paper. As the samples were prepared within seconds, the Ru
nanoparticles featured a Cl-enriched surface that was unattain-
able via conventional pyrolysis, and the samples decorated with
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RuCl, residues exhibited the best HER activity in both acidic and
alkaline media with a low 7, of —23 and —12 mV, respectively,
highly comparable to that of commercial Pt/C. The superior HER
activity was ascribed to the surface metal-Cl species that facili-
tated charge transfer and downshifted the d-band center of
Ru. One immediate question arises. How will other halogen res-
idues impact the electrocatalytic activity, given the marked differ-
ence in their electronegativity and hence electronic interactions
with the metal centers? This is the primary motivation of the pres-
ent work.

Herein, we prepared Ru nanoparticles decorated with various
halide residues by MIH treatment at 300 A for 10 s of
ruthenium(lll) halides (i.e., RuCls, RuBr; and Ruls) loaded on hol-
low N-doped carbon cages (HNC) pyrolytically derived from
chemically etched zeolitic imidazolate framework-8 (ZIF-8). The
Ru nanoparticles were found to increase in size, and concurrently,
the content of halide residues diminished from RuCl; to Ruls.
Among the series, the sample derived from RuCl; (HNC-RuCl,-
300A) exhibited the best HER activity in 1M KOH, with an 7,
of —26 mV and Tafel slope of 26.5 mV dec™’, outperforming com-
mercial Pt/C. When the sample was used as the cathode catalyst
for an anion exchange membrane water electrolyzer (AEMWE),
the cell achieved a current density of 0.5 A cm™2 at a low voltage
of 1.88V and exhibited stable operation for 100 h. HNC-RuCls-
300A also exhibited the best HOR activity among the series, deliv-
ering an anodic current density comparable to that of Pt/C, with a
low E;/,, of +18 mV compared to +35 mV for Pt/C. Results from
density functional theory (DFT) calculations showed that the
enhanced electrocatalytic activity of HNC-RuCl;-300A could be
attributed to the combined contributions of the small size of
the Ru nanoparticles and the surface Cl residues that weakened
H adsorption by charge transfer from the Ru nanoparticles, in
comparison to the Br and | modified counterparts.

2. Results and Discussion
2.1. Sample Synthesis and Structural Characterization

The preparation of the HNC-RuX; nanocomposites was schemat-
ically illustrated in Figure 1a, which consisted of four major steps.
First, hollow ZIF-8 was prepared by tannic acid etching of ZIF-
8.5 Second, HNC was obtained via pyrolysis of the hollow
ZIF-8 at 900°C for 3 h in a nitrogen atmosphere. Third, a con-
trolled amount of ruthenium(lll) halide (RuX;, X=Cl, Br, or
I) was evenly distributed onto HNC by freeze-drying. Fourth,
the precursors were treated by MIH at different induction currents
for 10 s. During MIH, the Joule’s effect led to a quick temperature
rise (over 1000 °C) within a few seconds (Figure S1, Supporting
Information).232331

The sample structures were first examined using transmission
electron microscopy (TEM) measurements. From Figure 1b-d,
one can see that the hollow dodecahedral morphology of the
etched ZIF-8 precursor was largely retained for all samples after
MIH treatment, with a size of =400 nm. Against the carbon
scaffold, dark-contrast nanoparticles can be found with the
HNC-RuCl;-300A (dia. 1.96 4 0.55 nm, Figure 1e and S2a) and
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Figure 1. a) Schematic illustration of the rapid preparation of HNC-RuXs-Y composites by MIH, TEM images of b,e,h) HNC-RuCl;-300A (inset to panel h is a
HAADF-STEM image), c,f,i) HNC-RuBrs-300A, and d,g,j) HNC-Ruls-300A. TEM images of k) HNC-RuCl;-300A, 1) HNC-RuBrs-300A, and m) HNC-Rul;-300A, with
the corresponding EDS-based elemental maps shown in k;-ks), l;-ls), and m;-ms), respectively (C red, N green, O cyan, Ru purple, Cl yellow, blue Br, and
orange |). Scale bars are (b,c) 100 nm, (d) 500 nm, (e,f) 50 nm, (g) 10 nm, (h,i,j) 5 nm, (k) 100 nm, (I) 100 nm, and (m) 250 nm.

HNC-RuBrs-300A (dia. 19.36 £ 3.03 nm, Figure 1f and S2b) samples,
whereas only chunky agglomerates with HNC-Rul;-300A (a few
hundred nm in size, Figure 1d,g). In high-resolution TEM measure-
ments, the nanoparticles can be seen to exhibit clearly-defined lat-
tice fringes (Figure 1h—j), with interplanar distances of 0.205, 0.215,
and 0.238 nm that can be ascribed to the (101), (002), and (100)
planes of hcp Ru (PDF 06-0663), respectively.®**>® This suggests
successful formation of carbon-supported ruthenium nanopar-
ticles. Consistent results were obtained in high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) measurements, where HNC-RuCl;-300A can be seen to pos-
sess markedly smaller nanoparticles (and clear edge dislocations)
(Figure 1h inset and Figure S3, Supporting Information) than HNC-
RuBrs-300A (Figure S4, Supporting Information).

In elemental mapping analysis based on energy-dispersive
spectroscopy (EDS) (Figure Tk-m), one can see that the C, N,
and O elements were distributed rather evenly across the series
of samples, suggesting effective graphitization of the ZIF-8
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precursor by MIH treatment. For HNC-RuCl;-300A, the Ru and
Cl elements can be found to exhibit an apparent overlap and
were enriched within the nanoparticles, indicative of surface
functionalization of the nanoparticles by the Cl residues®”
(Figure 1k;—ks and Figure S2c¢, Supporting Information). By con-
trast, Br and | were distributed rather evenly throughout
HNC-RuBrs;-300A (Figure 1l,-Is and S2d, Supporting Information)
and HNC-Rul;-300A (Figure 1m;-ms and S2e, Supporting
Information), whereas the Ru signals were mostly confined within
the nanoparticles and agglomerates.

The discrepancy of the sample morphologies and elemental
distributions observed above may be accounted for by the
different bond dissociation energy, which decreases in the order
of Ru—Cl > Ru—Br > Ru—l, consistent with the halogen electro-
negativity and atomic size.®” Thus, during MIH treatment,
the ready thermal decomposition of Ruls led to the formation
of large agglomerates in HNC-Ruls-300A; yet for RuBrs;, the ther-
mal decomposition was impeded somewhat, producing only

© 2025 Wiley-VCH GmbH
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nanoparticles in HNC-RuBrs;-300A, and the nanoparticles
became even smaller in HNC-RuCl;-300A due to the strongest
Ru—Cl interactions.

Indeed, from the insitu X-ray diffraction (XRD) patterns
acquired with RuX; at different temperatures (Figure 2a-c),
one can see that the characteristic peaks of metallic Ru
(20=38.4°, 42.2°, and 44.0°) started to become visible at
=400 °C for RuCl;, and at a somewhat lower temperature of
=300 °C for RuBr; and Ruls. Furthermore, while the peaks became
intensified with increasing temperatures for all samples, they
were markedly broader for RuCl; than for the other two, in good
agreement with the smaller size of the Ru nanoparticles observed
above with HNC-RuCl;-300A as compared to HNC-RuBrs-300A
and HNC-Rul;-300A.

Figure 2d displays the N, adsorption-desorption isotherms
of HNC, HNC-RuCl;-300A, HNC-RuBrs-300A, and HNC-Ruls-
300A. One can see that all samples exhibited a Type IV isotherm
with a hysteresis loop characteristic of mesopores.*® The
specific surface area based on the Brunauer-Emmett-Teller
(BET) model was estimated to be 1623 m?g~" for HNC, and
diminished somewhat to 157.63m?g~" for HNC-RuCl5-300A,
153.51m?g~" for HNC-RuBr;-300A, and 160.33m?g~' for
HNC-Ruls-300A. The corresponding pore size distribution (diam-
eter) profiles are shown in Figure 2e. The HNC sample can be
seen to consist of two main peaks, a sharp peak at =1.8 nm cor-
responding to micropores and a broad peak at 7.3 nm to mes-
opores.®?! For the Ru-containing samples, the mesopore peak
was suppressed markedly with the intensity varying in the order

(b)

(@) Al 700 °C

A J 700 °C (C) A n)\ 700 °C

" 600 °C

Intensity (a.u.)
Intensity (a.u.)

[, 25°C

PDF06-0663 Ru

L S

N-M/\u_....»w 25 °C 25°C

Intensity (a.u.)

100 °C 100 °C

A ‘S IHSTOT XP95H981

1 woyy

PDF|14-0477 RuBr3|
T T

|'I||. |I 1] .|l

PDF 06-0663 Ru Lo . PDF 06-0663 Ru |

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
20 (°) 20 (°) 26 (°)
(d) = (f) Ru 3p] (M) Cl2p
o —as—HNC Zn Auge Metal CI
2504 _, 9% RuxJo 0
mE e— HNC-RuCl;-300A - x y Ru
8 200 —a—HNC-RuBr;-300A XN A A _
o —v—HNC-Rul,-300A = ~ |HNC-RuCI,-300A : Organic Cl
2 150 4 3 5 i !
2 3 0 ! . . ; :
5 s i 204 202 200 198 196 194
@ 100 4 > \ —_
2 = 3 Br3d
50 4 £ |HNC-RuBr,-300A &
2 ] oy Metal Br
€ 04 £ : ! g‘
< r r r r r r . @ | Organic Br
g 00 02 04 06 08 10 Loy g
Relative Pressure (Py/P) )’ £ T ) v T v T T
73 72 71 70 69 68 67 66 65
(€) HNC-Rul,-300A -
0.0057 T T T T T T
~ 0.0038 —s=—HNC 490 485 480 475 470 465 460
[ - Binding Energy (eV
o 0.0019 L 9 gy (eV)
£ 0.0000 (9) c=0 O1s
£ 0.0132
g o0.0088 ] c-o 632 628 624 620 616
2 0.0044 ‘ A\ —e— HNC-RUCI,-300A — Ru-0 . Binding Energy (eV)
2 0.0000 esessssesesese| 5 [HNC-RUCI,-300A (i)
o 0.0111 ﬂ s
& 0.0074 4 2 &
& 00037 &A— —a— HNC-RuBr,-300A g s
S 00000 i £ [HNC-RuBr,-300A 2
T 00054 g
3 000369 & —v— HNC-Rul,-300A 2
0.0018 4 ¥¥ . £
AAA A v
0.0000 4 ¥ bl HNC-Rul,-300A

T T T T T L) L] T T T
0 4 8 12 16 20 24 28 32 538 536 534 532 530 528
Pore Diameter (nm) Binding Energy (eV)

Binding Energy (eV)

Figure 2. In situ XRD patterns of a) RuCls;, b) RuBr;, and ¢) Rul; acquired at different temperatures. d) Nitrogen adsorption-desorption isotherms of HNC,
HNC-RuCl3-300A, HNC-RuBrs-300A, and HNC-Ruls-300A, and e) the corresponding pore size distribution curves. High-resolution XPS spectra of the f) Ru 3p,
g) O 1s, and h) Cl 2p, Br 3d, | 3d electrons of HNC-RuCl5-300A, HNC-RuBr;-300A, and HNC-Rul;-300A. i) The corresponding VBM profiles.
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of HNC-RuCl5-300A < HNC-RuBr;-300A < HNC-Rul;-300A < HNC.
This is in line with the formation of ruthenium nanoparticles that
most likely occupied the mesopores, and such impacts dimin-
ished with the increasing agglomeration of Ru."”

The elemental composition and valency of the sample series
were then examined using X-ray photoelectron spectroscopy
(XPS) measurements. From the survey spectra in Figure S5a
(Supporting Information), the C 1s, N 1s, Ru 3p, and O 1s electrons
can be clearly identified for all samples at =286, 400, 464, 475, and
532 eV, respectively; for the HNC-RuCl; composites, additional
peaks can be found at =198¢eV for the Cl 2p electrons and
269 eV Cl 2s, and the Br 3p and 3d peaks at 182 and 69 eV for
HNC-RuBr;-300A, whereas the | 4d and 3d electrons at 49 and
619 eV for HNC-Rul;-300A, respectively. Based on the integrated
peak areas, the elemental contents were calculated and listed in
Table S1 (Supporting Information). The Ru content can be seen to
decrease from 0.45at% for HNC-RuCl;-300A to 0.25% for
HNC-RuBrs-300A and 0.11 at% for HNC-Rul;-300A, along with
239at% of ClI for HNC-RuCl;-300A, 0.68at% of Br for
HNC-RuBr;-300A, and 0.46 at% of | for HNC-Rul;-300A, consistent
with the increasing thermal volatility of the precursors from
RuCl; to Ruls.

Figure 2f shows the corresponding high-resolution scans of
the Ru 3p electrons, which can be deconvoluted into two dou-
blets. For HNC-RuCl;-300A, the major doublet at =462.51/
484.71 eV can be attributed to the 3ps,,/3p,,, electrons of metallic
Ru, while the minor one at =464.99/487.19 eV to those of Ru®"
species™'*? (the peak at =474.5 eV likely due to Zn Auger of resid-
ual Zn from ZIF-8). Notably, these binding energies displayed a
marked redshift for HNC-RuBr;-300A (461.95/484.15 and
464.44/486.44eV) and HNC-Rul;-300A (461.64/483.64 and
463.99/483.99 eV) (Table S2, Supporting Information), suggesting
electron enrichment from HNC-RuCl;-300A to HNC-Rul;-300A
because of the different thermal stability of the RuXs precursors.
In fact, the Ru®: Ru®* atomic ratio can be seen to increase in the
order of HNC-RuCl;-300A (2:1) < HNC-RuBrs-300A (3:1) < HNC-
Rul;-300A (4.5:1) (Table S3, Supporting Information), consistent
with the increasing nanoparticle size observed in the above
TEM measurements.

The corresponding O 1s spectra are shown in Figure 2g,
where all samples can be seen to possess two major peaks,
C=0 at 531.63eV and C—O at 533.43 eV, with a very minor
one at 529.92 eV for metal-0.*¥' Figure 2h depicts the Cl 2p spec-
trum of HNC-RuCl;-300A, Br 3d of HNC-RuBr;-300A, and | 3d of
HNC-Rul;-300A. HNC-RuCl5-300A can be seen to consist of a
major doublet at =197.62/199.22 eV due to metal-Cl species
and a minor one at 199.81/201.41eV due to organic Cl.H**
Similarly, HNC-RuBr;-300A and HNC-Ruls-300A also possessed
two doublets, the metal-Br species at 67.86/68.86 eV and the
organic Br at 69.33/70.33 eV for the former,”%*”! whereas the
metal-l at 618.67/630.17 eV and organic | at 620.15/631.65 V.8
Notably, the contents of the metal-halide residues decreased
markedly from HNC-RuCl;-300A (1.98 at% Ru-Cl) to HNC-RuBrs-
300A (0.54 at% Ru-Br) and further to HNC-Rul;-300A (0.34 at%
Ru-l) (Table S3, Supporting Information). These observations
are in alignment with results from the EDS-based elemental map-
ping analysis (Figure Tk-m).
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The C 1s spectra for the series of samples are shown in
Figure S6a (Supporting Information), where the C—C/C=C
(284.6 eV), C—0 (286.1eV), (=0 (288.4¢eV), and Ru 3d peaks
(=282eV) can be clearly resolved. Additionally, pyridinic
N (398.3eV), pyrrolic N (400.0eV), and graphitic N (401.3 eV)
can be deconvoluted in the N 1s spectra (Figure S6b,
Supporting Information). This confirms the successful transfor-
mation of the ZIF-8 precursor to N-doped carbon.

Figure 2i shows the corresponding valence band maximum
(VBM) profiles. All samples can be seen to possess a negative
VBM, which upshifted from HNC-RuCl;-300A (—0.68¢eV) to
HNC-RuBr;-300A (—0.34eV) and further to HNC-Rul;-300A
(—0.06 eV). This is in good agreement with the structural transi-
tion from nanosized particles in HNC-RuCls-300A to bulk metal-
like in HNC-Rul5-300A.149°%

Consistent results were obtained from X-ray absorption spec-
troscopy (XAS) measurements. Figure 3a shows the Ru K-edge X-
ray absorption near-edge structure (XANES) of the sample series.
It can be clearly seen that the absorption edges were at a slightly
higher energy than that of Ru foil but significantly lower than that
of RuO,, suggesting an average valence state close to that of
metallic Ru. In fact, the absorption edge energy and white line
intensity both increase in the order of Ru foil < HNC-Ruls-
300A < HNC-RuBr5-300A < HNC-RuCl;-300A < RuO,, suggesting
an increasing Ru valence state, in good agreement with results
from XPS measurements (Figure 2f).

Figure 3b exhibits the corresponding Fourier transforms
of the extended X-ray absorption fine structure (FT-EXAFS) spec-
tra, which featured a major peak at =2.44 A consistent with
the Ru—Ru path in Ru foil, along with a minor one at =1.50 A likely
for Ru—0. Note that HNC-RuCl;-300A also possessed a shoulder
at =1.80 A that can be assigned to Ru—Cl, and this shoulder
became drastically weaker in HNC-RuBrs-300A and almost
invisible in HNC-Rul;-300A, consistent with the diminishing
Ru—X content as manifested in XPS measurements (Table S3,
Supporting Information). From the fitting results in Figure S7
(Supporting Information) and Table S4 (Supporting Information),
it can be seen that whereas the Ru—Ru bond length was rather
consistent at =2.68 A, the coordination number (CN) increased
from =3.8 for HNC-RuCl;-300A to 6.1 for HNC-RuBr;-300A and
9.4 for HNC-Rul5-300A, consistent with the growing size of the
Ru particles, as observed in TEM measurements (Figure 1).
Concurrently, the Ru—0 bond length was very close at =1.98 A
for the samples, yet the CN diminished in the order of HNC-
RuCl;-300A (2.8) to HNC-RuBrs-300A (1.5) < HNC-Ruls-300A
(0.4), indicative of a drastically decreasing oxide component in
the samples, in agreement with results from the above XPS meas-
urements (Figure 2g).

To further investigate the coordination environment, the cor-
responding wavelet transforms (WT) of the EXAFS data are shown
in Figure 3c. One can see that all samples possessed a major peak
at (896 A", 233 A) due to the Ru—Ru path and a minor one at
(4.42 A=", 1.45 A) for the Ru—O0 path. In fact, the intensity ratio of
the Ru—0O and Ru—Ru peaks decreased significantly from HNC-
RuCl;-300A to HNC-RuBr;-300A and HNC-Rul;-300A, consistent
with the increasingly metallic characters in the samples
(Figure 2g).
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Figure 3. a) Ru K-edge XANES spectra, b) Fourier transforms of the EXAFS spectra, and c) WT-EXAFS maps of HNC-RuCls-300A, HNC-RuBrs-300A, HNC-Ruls-

300A, Ru foil, and commercial RuO..

Taken together, results from these structural characterizations
show that the HNC-RuX;-300A composites prepared above all
consisted of carbon-supported Ru nanoparticles decorated with
halogen residues, but the nanoparticle size increased, and the
amount of halogen residues diminished, from HNC-RuCl;-300A
to HNC-Ruls-300A.

2.2. Electrocatalytic Activity

The HER activity of the sample series was then examined and
compared. Figure 4a shows the HER polarization curves of
the HNC-RuX;-300A samples in 1M KOH. One can see that
HNC-RuCl;-300A showed the highest catalytic activity among
the series, with the lowest #;, of —26 mV, in comparison to
—115mV for HNC-RuBr;-300A, —385mV for HNC-Rul5-300A,
and over —600 mV for HNC. In fact, HNC-RuCl;-300A even out-
performed commercial- Pt/C (—40 mV). In terms of mass activity
(HER currents normalized to Ru mass), HNC-RuCl;-300A, again,
stood out as the best catalyst (Figure S8, Supporting
Information). At the overpotential of —50 mV, HNC-RuCl;-300A
exhibited a turnover frequency of 2.14 s, significantly higher
than those of HNC-RuBr;-300A (0.31s7"), HNC-Rul;-300A
(0.03s7"), and even Pt/C (0.35s") (Figure S9, Supporting
Information). The corresponding Tafel plots are shown in
Figure 4b, where HNC-RuCl5-300A displays the lowest slope of
26.5mVdec’, in comparison to Pt/C (32.7 mVdec™'), HNC-
RuBr;-300A (68.7 mV dec™"), and HNC-Rul5-300A (196.0 mV dec™").

ChemSusChem 2025, 18, €202500802 (6 of 12)

This indicates the most facile electron-transfer kinetics of HNC-
RuCl5-300A among the sample series.

Such a variation of the HER performance can be ascribed to the
electron-deficient Ru in HNC-RuCls-300A that was facilitated by the
high-electronegativity Cl residues and hence weakened H adsorp-
tion, in comparison to HNC-RuBr;-300A to HNC-Rul;-300A.1” In
fact, for the HNC-RuCl5-TF700 composite that was prepared using
conventional pyrolysis in a tube furnace at a similar temperature
(700 °C), despite a comparable Ru content, the sample exhibited a
markedly reduced content of the Cl residues (Table S1, Supporting
Information), and hence a significantly lower HER activity than that
of HNC-RuCl;-300A (Figure S10-S11, Supporting Information).
A similar behavior was observed in HNC-RuBr;-TF700 and HNC-
Ruls-TF700 (Figure S11, Table S1, Supporting Information). This
confirms the significant role of anionic residues in dictating the
HER activity of the nanocomposites.

The electrochemically active surface area (ECSA) of the sample
series was then determined by CO stripping (Figure 4c and S12a,
Supporting Information). One can see that the ECSA increased
from 71.2m?g~" (HNC-Rul;-300A) to 83.1m?g~' (HNC-RuBrs-
300A), and finally to 96.8 m?g~" for HNC-RuCl;-300A, in line with
the morphological evolution of Ru on the carbon scaffold
(Figure 1). Consistent behaviors were observed from the double-
layer capacitance (Cy, Figure S12b, Supporting Information), which
increased from 9.6 Fcm~2 for HNC-Rul;-300A, to 15.8 Fcm~2 for
HNC-RuBr;-300A, 30.3 Fcm 2 for HNC-RuCl;-300A.

From the Nyquist plots in Figure 4d, one can see that HNC-
RuCl;-300A possessed the lowest the charge-transfer resistance

© 2025 Wiley-VCH GmbH
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Figure 4. a) HER Polarization curves of the sample series in 1 M KOH, and b) the corresponding Tafel plots. ) Comparison of the ECSA measured by CO
stripping. d) Nyquist plots at the potential of —100 mV. Inset is the equivalent circuit, where R; is the uncompensated resistance, CPE is the constant-phase
element, and R is charge-transfer resistance. e) Chronopotentiometric curves of HNC-RuCl;-300A and Pt/C at the current density of 10 mA cm~2 The inset
shows the polarization curves of HNC-RuCl;-300A before and after 5000 CV cycles. f) Comparison of 7;, between HNC-RuCl;-300A and other state-of-the-art
Ru-based electrocatalysts. g) Schematic diagram of the AEMWE device. h) Voltage-current curves of the AEMWE measured at room temperature (25 °C)
using HNC-RuCl;-300A or commercial Pt/C as the cathodic catalysts, along with RuO, as the anode catalysts. i) Variation of the cell voltage of the HNC-
RuCl5-300A or Pt/C based AEMWE at 500 mA cm~2 during 100 h's continuous operation.

(R.:=3.9Q at the overpotential of —100 mV, Figure 4d inset), in
comparison to HNC-RuBrs-300A (88.2Q), and HNC-Ruls-300A
(>105 Q). Remarkably, HNC-RuCl;-300A also showed excellent sta-
bility and durability. As shown in Figure 4e, almost no decay was
observed for 10 h's continuous operation at the current density of
10 mA cm ™2, whereas 7,0 increased by —19mV for commercial
Pt/C; and HNC-RuCl;-300A exhibited a decay of only 5 mV after
5000 potential cycles within the range of —50 to OmV
(Figure 4e inset). In fact, XPS measurements of the HNC-RuCls-
300A sample after the stability test showed virtually no change
of the binding energy and elemental composition except for a
slight decrease of the metal-Cl content to 0.29 at% (Figure S13,
Table S1-S3, Supporting Information). This is further validated
by in situ XAS measurements (Figure S14, Supporting Information),

ChemSusChem 2025, 18, €202500802 (7 of 12)

where the spectral features remained virtually unchanged with the
electrode potential varied from 0 to —300 mV (Figure S15-516,
Table S5, Supporting Information). This remarkable durability is
consistent with the low VBM of HNC-RuCl;-300A (Figure 2i).
Notably, HNC-RuCl3-300A is highly comparable/to relevant cata-
lysts reported recently in the literature (Figure 4f and Table S6,
Supporting Information), such as Ru@NC (50 = —26 mV),>"
MRu@PANI/CP (—27 mV),*? and RuSe, (—29.5 mV).>*!

To explore the application of HNC-RuCl;-300A in water split-
ting, the HNC-RuCl;-300A sample was integrated into an
AEMWE cell as the cathode catalyst (with commercial RuO, as
the anodic catalyst, separated by an anion exchange membrane).
The system was enclosed with bipolar stainless-steel plates for
structural stability and efficient operation (Figure 4qg). Figure 4h

© 2025 Wiley-VCH GmbH

; Europe 2
Research Article oarope %
. uropean emical B
ChemSusChem doi.org/10.1002/cssc.202500802 Societios Pubshing 1
S
5
(@) o (b) 01 (c) 120
265 g
oo mV/dec 32.7 mV/dec 100 06.8 3
10 4 :
83.1
_ - - - -HNC-300A &0 68.7 mV/gee o, 80 1%
L 20 ——HNC-RuCI,-300A I . o : :
G — HNG-RuBr,-300A . 96.9 E :
< ¢ 0.2 my, o 60 S
£ ~———HNC-Rul;-300A > e, &
5300 —pue =3 @
W3 © 404
—a— HNC-RUCI,-300A w
“ —— HNC-RuUBr,-300A B
T -04{ —e— HNC-Rul,-300A 204 g
—<— PYC E
s
-50 T T r T T 0.5 - . r o " <
0.4 0.3 0.2 -0 0.0 08 0.4 0.0 0.4 0.8 300 300A _300A =
? HNC-RuCly HNC-RuBry HNC-Ruly =
E (V vs. RHE) Log (-J mA em?) 5
(d)so (e) o ; (f) :
107 Rulg-C,N,-C-TiO, %
—&— HNC-RUCI;-300A a0]  Smvdecay 96 Ru/Cu(OH), NWAs g
404 —v— HNC-RuBr,-300A 20 = @1omAcm 43.8 Ru/WO-H s
—+— HNC-Rul,-300A E Co-Ru DAS/Ru NPs/NC-4 P
m < & Ru@CNs 300 g
I 40 £ 2 RCPM :
& o N s CC@WO,/Ru-450 z
g g 20 A g Ru-NiCoP/NF -
N > ——ater 5000 cycles 2 NiRU@N-C S-2 g
E 60 Y TRy Ty Ty 0.08 H N-RuP/NPC 2
w E (VVs. RHE) frr RuSe, e
Ni@NC/Ru 2
-80 mRu@PANIICP 5
——HNC-RuCl,-300A Ru@NC H
—PtiC HNC-RuCl, 300A 9
-100 r v T Y T T §
0 5000 10000 15000 20000 25000 30000 0 20 40 60 80 100 120 140 160 180 200 ,C\
Time (s) Overpotential (mV) a
(9) (h) 24 (i) 20 i’f
g
254 z
21 M g
=1
~ $ 20 5
& 18 -3 500 mA cm? E
£ £ 15 g
g > i
@ 15 2 10 i
o ——HNC-RUCI,-300A || RuO, O 104 6L SR i g
KOH = Pt/C || RUO, = HNC-RUCI,~ Il Ruo, 7
e = Pt/C || RuO, Fl
1.2 -9 ?«’l
:)
3
HNC-RuCI,-300A RuO y y T y T 0.0 y T T T H
3 2 0.0 0.3 0.6 0.9 1.2 15 0 20 40 60 80 100 2
Current density (A cm?) Time (h) ;

Rolim

2SUROT SUOWIION) FANEAI) AqEALIACE 3) £q POUIDAOT AIE SIIOIIE V() (9N JO SINI 10f AIBIGYT SUIUQ AS[1A UO


http://doi.org/10.1002/cssc.202500802

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202500802

displays the current-voltage curves for the HNC-RuCl;-300A and
commercial Pt/C based AEMWE cells at room temperature
(25 °C). Notably, the HNC-RuCl5-300A based AEMWE achieved a
current density of 0.5 A cm 2 at a voltage of 1.88 V, which was sig-
nificantly lower than that (2.24 V) required for the commercial Pt/C
based counterpart. Remarkably, after 100 h's continuous operation,
the HNC-RuCl;-300A based AEMWE exhibited an almost invariant
voltage of =1.94V to produce 0.5 A cm™~2, whereas the Pt/C-based
AEMWE experienced a notable voltage decay of =200mV
(Figure 4i). These results highlight the potential of HNC-RuCls-
300A for practical AEMWE applications.

Notably, in comparison to HNC-RuCl; nanocomposites pre-
pared at other induction currents (from 200 to 600 A) (Figure
S5b and $17-523, Table S1-54, Supporting Information), HNC-
RuCl;-300A also exhibited a markedly enhanced HER perfor-
mance (Figure S24-525, Supporting Information), suggesting that
300A represented the optimal synthetic condition. HNC-RuCls-
300A also showed a remarkable HER activity (17,0 =—81mV) in
0.5M H,SO, as compared to —160 mV for HNC-RuBrs-300A
and —333 mV for HNC-Rul;-300A, but somewhat inferior to that
of Pt/C (—34 mV) (Figure S26, Supporting Information).

Remarkably, the composite samples also exhibited apparent
HOR activity. Figure 5a shows the HOR polarization curves in
H,-saturated 0.1 M KOH, where it can be clearly seen that
the anodic current increased markedly in the order of
HNC-Ruls-300A < HNC-RuBr;-300A < Pt/C < HNC-RuCl5-300A at
electrode potentials up to +0.1V. In addition, HNC-RuCls-
300A exhibited the lowest half-wave potential (E,,) of

+18mV, as compared to +23 mV for HNC-RuBr3-300A, +25 mV
for HNC-Rul;-300A, and +35mV for Pt/C. Moreover, HNC-
RuCls-300A exhibited a high steady-state anodic current
density of 2.02mAcm~2 which exceeded those of HNC-
RuBr5-300A (1.06 mA cm—2) and HNC-Rul5-300A (0.28 mA cm™2),
and was comparable to that of commercial Pt/C (2.10 mA cm—2).
In fact, HNC-RuCl;-300A stood out again as the best HOR
catalyst among the sample series (Figure S27, Supporting
Information).

To investigate the reaction kinetics, the HOR polarization
curves were collected with the rotation rates varied from 400
to 2500rpm (Figure 5b and Figure S27-S28, Supporting
Information), where the limiting current density increased with
rotation rates. Figure 5c¢ shows the corresponding Koutecky—
Levich plot of HNC-RuCl;-300A at +75 mV. Linear regression
yielded a slope of 4.785cm?mA~"'s"? (Equation (1)), which
was in excellent agreement with the theoretical value of
487 cm?mA~"s"? expected for the two-electron transfer of
HOR."* Figure 5d depicts the kinetic current density (ji) of the
catalysts, obtained by fitting with the Butler—Volmer equation
(Equation (2)), from which the exchange current density (jo)
was derived from linear fitting within the micro-polarization
region (from —5 to +5mV, Figure 5e).° Among the sample
series, HNC-RuCl5-300A exhibited the highest j, of 2.00 mA cm 2,
significantly surpassing HNC-RuBr;-300A (0.81 mA cm™2), HNC-
Rul;-300A (0.177 mA cm™), and Pt/C (0.99 mA cm™2), confirming
its outstanding HOR performance. In addition, HNC-RuCl5-300A
exhibited enhanced HOR stability with a 36.2% decay of the
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Figure 5. a) HOR polarization curves of HNC-RuCl;-300A, HNC-RuBr;-300A, HNC-Rul;-300A, and commercial Pt/C in H,-saturated 0.1 M KOH at a scan rate of
10mV s~ and a rotating rate of 1600 rpm. b) HOR polarization curves at various rotating speeds of HNC-RuCls-300A. c¢) Koutecky—Levich plot at +75 mV.
d) Tafel plots with the Butler—Volmer fitting curves. e) Linear fitting curves in the micro-polarization region (from —5 to +5 mV). f) Relative current chro-
noamperometry of HNC-RuCl;-300A and Pt/C in H,-saturated 0.1 M KOH.
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anodic current, as compared to 66.0% for Pt/C after 10 h’s con-
tinuous operation (Figure 5f).

2.3. Computational Study

Results from the above experimental measurements suggest that
nanoparticle size and halogen residues played a critical role in the
determination of the electrocatalytic activity. DFT calculations were
therefore performed to unravel the mechanistic insights. Due to
the difference of the Ru nanoparticle size among the samples
(Figure 1), a Rugg cluster was used to model the HNC-RuCls-
300A sample (while a larger cluster is preferred to model the actual
Ru nanoparticles, this is a compromise due to limitation of com-
puting resources), whereas a Ru(101) slab (Ru-101) for HNC-RuBrs-
300A and HNC-Ruls-300A. Adsorption of H was then evaluated on
varied sites of the structural models (Figure S29-530, Supporting
Information). Notably, for the Ru-101 slab, when an H atom is ini-
tially placed on top of a Ru atom, it moves quickly to the hollow site
after relaxation, indicating that hollow site adsorption is the
energetically preferred configuration, in contrast to Rusg clusters,
where on-top adsorption is possible*” Figure 6a and $31-S35
(Supporting Information display the H adsorption on the Ruyg clus-
ter and Ru-101 slab without and with halide residues (symbols h
and t refer to hollow and tetrahedral sites, respectively), and the
corresponding Gibbs free energy of H adsorption (AGy), a widely
accepted descriptor of HER activity, was then evaluated. Generally,
a |AGy| close to 0eV is deemed as an optimal condition for

(@)

Ru-101 Ru-101-hBr(tH)  Ru-101-hl(tH)

(d)

Ru-101-hl

H adsorption and desorption, leading to maximal HER activity.
One can see that pristine Ru-101 exhibits a rather high |AG| of
|—0.53| eV, suggesting somewhat too strong H adsorption which
will render H, desorption difficult (Figure 6b), and a markedly
reduced |AGy| is observed with a decreasing size of the Ru clusters
(Figure S29 and Table S7, Supporting Information). For instance,
|AGy| is only |—0.073| eV for the edge site of the Ru,g cluster.
This suggests that nanosized clusters are preferred for HER electro-
catalysis. In addition, with the modification of a halogen atom, the
|AGx| becomes lower on both the cluster (Ru,s—Cl) and slab sur-
faces (i.e., Ru-101-hBr and Ru-101-hl). Specifically, the Ru,s-Cl edge
site exhibits a |AG,| of only |—0.043| eV, whereas Ru-101-hBr and
Ru-101-hl feature a similar |AG,| of ca. |—0.42| eV on the tetrahe-
dral sites (Table S8, Supporting Information). These results suggest
that the remarkable HER/HOR activity of HNC-RuCl;-300A most
likely arose from the combined contributions of reduced nanopar-
ticle size and residual Cl modification, as compared to HNC-RuBr;-
300A and HNC-Ruls-300A.

To further clarify the electronic structure of the atomic spe-
cies, the total density of states (DOS) and projected DOS (PDOS)
of the d electrons of Ru were calculated. As shown in Figure S36
(Supporting Information), the cluster and slab models all exhibit
an almost identical pattern of the total DOS, suggesting a similar
electronic feature around the Fermi level. Additionally, from the
PDOS of the Ru active sites (Figure 6¢), one can see that the Ru d
band center (Ey) is situated at —1.37 eV for the Ruyg surface, and
downshifts markedly to ca. —1.80 eV upon the addition of one Cl
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Figure 6. a) Computational relaxed models with diverse species: naked Ru,g cluster, Cl-modified Ru,g cluster (Ru,g-Cl), naked Ru-101 slab, and Ru-101 slab
modified with a Br or | atom. Symbols h and t refer to hollow and tetrahedral sites, respectively. b) Gibbs free energy of H* adsorption (AGy) on the corre-
sponding models. c) PDOS of the d electrons of Ru active sites in the various models. d) Charge density distributions for the varied models. The cyan and

yellow areas signify electron loss and electron gain, respectively. The isovalue of charge density is 0.001e Bohr>.
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atom (Ru,g-Cl, edge H), indicating a weakened bonding interac-
tion between the Ru surface and H by the Cl residue according to
the d-band model.?**' By contrast, the impact of Br and | resi-
dues on the E4 of Ru(101) is minimal, which is estimated to be
—141eV for Ru(101), —1.47eV for Ru-101-hBr (tH), and
—1.47 eV for Ru-101-hl (tH). That is, Ruse-Cl is anticipated to
exhibit the weakest adsorption of H among the series (Figure 6b).

Bader charge analysis was then conducted to investigate the
interactions between Ru and residual halogen species based on
the differential charge density maps in Figure 6d. One can see that
the halogen residues markedly induce charge transfer from the Ru
cluster or Ru slab to halogen atoms, and the impacts vary with the
halogen atoms. Specifically, one Cl atom withdraws 0.47 electrons
from Ru,g, but only 0.33 and 0.13 electrons from the Ru slab by Br
and |, respectively. This can be ascribed to the difference in electro-
negativity among the halogen atoms and is in good agreement
with the Ru binding energy (valence state) observed in the above
XPS measurements. Taken together, the charge transfer from Ru to
halogen residues leads to a downshift of the Ru E4 and hence
weakened H adsorption on the Ru active sites, where the impacts
vary in the order of Cl > Br > |, consistent with the enhanced HER
activity observed experimentally.

3. Conclusion

In this study, carbon-supported Ru nanoparticles were prepared
by ultrafast synthesis with MIH at selected induction currents for
10 s. The produced HNC-RuX5-300A composites consisted of Ru
nanoparticles decorated with halogen residues, where the
nanoparticle size increased and halogen content decreased
from HNC-RuCl3-300A to HNC-Ruls-300A, due largely to the dif-
ferent thermal stability of the RuXs; precursors. Among the
series, HNC-RuCl;-300A stood out as the best catalyst for both
HER and HOR in alkaline media and even outperformed com-
mercial Pt/C. Furthermore, HNC-RuCl,-300A displayed a remark-
able activity and stability in the AEMWE tests, as compared
to the Pt/C based counterpart. Results from DFT studies con-
firmed that the surface halogen residues induced charge trans-
fer from Ru, leading to a downshift of the Ru E4 and hence
weakened H adsorption. Notably, the impacts were most pro-
nounced with Cl and diminished drastically with Br and | resi-
dues. This is consistent with the experimental observation
that HNC-RuCl;-300A displayed the highest electrocatalytic
activity among the series. Results from this study highlight
the unique significance of nanoparticle size and heteroanion
residues in the manipulation of the structure and activity of
functional composites as high-performance catalysts for electro-
chemical energy technologies.

4. Experimental Section

Preparation of HNC-RuX;-Y Composites

HNC was prepared by pyrolysis of hollow ZIF-8 derived from tannic
acid etching of ZIF-8 (details in the Supporting Information).'5¢!
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25mg of the HNC powders was then dispersed into 5mL of a
RuX; solution (X=Cl, Br, and I) at the concentration of 1.25, 2.0
and 2.44 mg mL~" for RuCl;xH,0, RuBr;:xH,O and Ruls, respectively
(corresponding to a final Ru loading of 10 wt%) under sonication for
30 min and then freeze-dried for 24 h. The obtained precursors were
transferred onto an iron sheet (2.5 cm x 2.5 cm x 0.2 mm) and cov-
ered with graphite paper, which was then placed in a quartz tube and
purged with nitrogen for 10 min. The quartz tube was then placed in
the center of a four-turn induction coil with a diameter of 5 cm for
MIH treatment at a controlled current (Y=200-600A) for 10s
(Figure S1, Supporting Information). The prepared powders were
referred to as HNC-RuX;-Y.

The corresponding controlled samples were prepared from the same
freeze-dried precursors but in a tube furnace at 700 °C in a nitrogen
atmosphere and denoted as HNC-RuX5-TF700.

Characterizations

TEM images were collected with a Tecnai G2 instrument operated at
200 kV. HAADF-STEM images were obtained with a ThemlS scope
operated at 60kV. EDS measurements were conducted with a
JEOL 2100-F scope operated at 200 kV. In situ XRD patterns were
obtained with a Bruker Dg Advance diffractometer using Cu K, radia-
tion (A=0.15418 nm). XPS was acquired with a Thermo Fisher K-
Alpha system with the binding energy calibrated against that of C
1s electrons. Nitrogen adsorption/desorption isotherms were col-
lected with a Micromeritics Tristar 3020 Porosimeter system at
77.3 K. Ex situ XAS measurements were carried out at 10K at beam-
line 4-1 of the Stanford Synchrotron Radiation Lightsource using an
Oxford liquid helium cryostat. In situ XAS measurements were
performed at room temperature in a homemade cell equipped
with a three-electrode setup filled with an appropriate electrolyte
(Figure S13, Supporting Information).®? X-rays passed through the
samples from the Mylar windows under the controlled potentials.
The collected XAS data were reduced, fitted, and interpreted using
the RSXAP software.””! The Fourier Transform and fitting ranges were
3.5-12.5 A" and 1.2-3.0 A for the Ru K edge, respectively. The theo-
retical functions for Ru—O and Ru—Ru pairs were calculated by
WebAtoms using FEFF7 software.”®

Electrochemistry

Electrochemical measurements were performed with a CHI 710E
electrochemical workstation in a three-electrode configuration con-
sisting of a Ag/AgCl (in acidic media) or Hg/HgO (in alkaline media)
reference electrode, a graphite rod counter electrode, and a glassy
carbon rotating disk working electrode. The Ag/AgCl and Hg/HgO
reference electrodes were calibrated against a reversible hydrogen
electrode (RHE), and all the potentials in the present study were ref-
erenced to the RHE. To prepare the working electrode, 2 mg of the
nanocomposites prepared above were dispersed in a mixture of
250 L of H,0, 740 pL of isopropanol, and 10 pL of Nafion under soni-
cation for 30 min, and 20 pL of the ink was drop-cast onto the pre-
polished glassy carbon electrode (diameter 5 mm, area 0.196 cm?)
and dried naturally at room temperature before being coated with
5uL of 20wt% Nafion. The resulting catalyst loading was
=0.204 mgcm2

The HER polarization curves were acquired in 0.5 M H,SO4 or 1 M KOH
at the scan rate of 10 mV s~ ' with 90% iR compensation. Cyclic vol-
tammetric (CV) measurements were performed in the non-Faradic
potential range to estimate the double-layer capacitance (Cy).
Electrochemical impedance spectroscopy tests were conducted
within the frequency range of 0.1-10° Hz at an alternating current
(AC) amplitude of 5mV at select overpotentials (—20, —50,
and —100 mV). Chronopotentiometry tests were performed at the
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constant current density of 10 mA cm™2 for 30 000 s. For CO stripping
analysis,*? the working electrode was immersed into a CO-saturated
1M KOH solution at the potential of +0.05V for 10 min, and then
transferred into a N,-saturated 1 M KOH solution where voltammetric
measurements were conducted within the potential range of 0 to
+1.0V at a scan rate of 10mVs™".

HOR tests were carried out in a H,-saturated 0.1 M KOH aqueous solu-
tion at the potential scan rate of 10 mV s™' and varied rotation rates
(rpm) with a 95% iR correction. The kinetic current density (jx) was
determined using the Koutecky-Levich equation,

1T 1 1
- =+ m
J  Jk Jo

where j represents the measured current density, and j, denotes the
diffusion-limited current density. The exchange current density (jo)
was obtained by fitting ji to the Butler-Volmer equation:

F —(1—a)F
i oo((22) ()

where R is the gas constant (8.314 J mol~' K™), Fis the Faraday's con-
stant (96 485 C mol™"), a is the transfer coefficient, and T is the tem-
perature (298.15 K).

AEMWE Tests

An AEMWE cell with an active area of 1.0 cm? was assembled, con-
sisting of an HNC-RuCl3-300A cathode and a commercial RuO, anode.
The anion exchange membrane, Fumasep FAS-PET-75 (Fuel Cell
Store), was pretreated by soaking in 0.5M NaCl for 3 d followed
by 1 M KOH for three additional days, before being thoroughly rinsed
and stored in deionized water. The HNC-RuCl;-300A and RuO, cata-
lysts were dispersed in a solution containing 250 pL of H,0, 740 L of
isopropanol, and 10 plL of Nafion. The resulting catalyst inks were son-
icated for 30 min and then uniformly air-brushed onto a carbon paper
gas diffusion layer, achieving a catalyst loading of 3 mg cm~2 for both
the cathode and anode. The membrane electrode assembly (MEA)
was then constructed by sandwiching the anode catalyst layer, anion
exchange membrane, and cathode catalyst layer together. This MEA
was further enclosed between two bipolar stainless-steel plates with
embedded graphite plates, which featured 2 mm parallel channel
flow fields. The electrolyte solution (1.0 M KOH) was recirculated
through both cathode and anode at a flow rate of 10 mLmin~".
The stability was evaluated by monitoring the cell voltage changes
at a current density of 0.5Acm™2,

Computational Study

DFT calculations were carried out using Quantum ESPRESSO, an
open-source plane-wave code.® Ru cluster models and periodic slab
surface models were constructed to simulate the experimental nano-
particle systems with varied sizes. Three Ru clusters of 36, 48, and 66
Ru atoms were built to investigate size effects of nanoparticles, with
Ru,g selected to model the HNC-RuCl;-300A system. A 4 x 4 surface
unit cell with 48 atoms was used to build a Ru(101) slab supercell to
study H adsorption on extended surfaces, where interactions
between periodic images normal to the surface were removed by
setting a vacuum of 15 A. This slab model was used to simulate
HNC-RuBr;-300A and HNC-Ruls-300A. Adsorption of H was evaluated
on varied sites of these systems with and without the presence of a
halide adatom, as a model for halide residues. We adopted the
Perdew-Burke—Ernzerhof exchange-correlation functional with van
der Waals interactions by using the DFT-D3 method. The Garrity-
Bennett-Rabe-Vanderbilt (GBRV) ultra-soft pseudopotential with a
cut-off of 50 and 500 Ry for kinetics and charge density was

ChemSusChem 2025, 18, €202500802 (11 of 12)

chosen.®” The Brillouin zone was sampled by a 4 x 4 x 1
Monkhorst-Pack k-point mesh for the slab models, while only I'-point
was used for the cluster models. The total energy was calculated at
the convergence level of 1 meV per atom. The smearing parameter
was set at 0.01 Ry in the Marzari-Vanderbilt scheme for all calcula-
tions.®” For geometric relaxation, the convergence criterion was
108 Ry for the electronic energy and 10~* Ry Bohr™' for the total
force. Density functional perturbation theory was employed to calcu-
late the phonon frequency, which was then used as input to deter-
mine the Gibbs free energy.®
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