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Abstract

While controls over the Earth’s climate system have undergone rigorous hypothesis-testing since
the 1800s, questions over the scientific consensus of the role of human activities in modern climate
change continue to arise in public settings. We update previous efforts to quantify the scientific
consensus on climate change by searching the recent literature for papers sceptical of
anthropogenic-caused global warming. From a dataset of 88125 climate-related papers published
since 2012, when this question was last addressed comprehensively, we examine a randomized
subset of 3000 such publications. We also use a second sample-weighted approach that was
specifically biased with keywords to help identify any sceptical peer-reviewed papers in the whole
dataset. We identify four sceptical papers out of the sub-set of 3000, as evidenced by abstracts that
were rated as implicitly or explicitly sceptical of human-caused global warming. In our sample
utilizing pre-identified sceptical keywords we found 28 papers that were implicitly or explicitly
sceptical. We conclude with high statistical confidence that the scienfific consensus on
human-caused contemporary climate change—expressed as a proportion of the total
publications—exceeds 99% in the peer reviewed scientific literature.

Ratings and categorizations given to 2,718 randomly-selected

climate related papers
1
2 1 19

1869

M 1: Explicit endorsement with
quantification

M 2: Explicit endorsement without
quantification

3: Implicit endorsement
4a: No position

W 5: Implicit rejection

M 6: Explicit rejection without

quantification

W 7: Explicit rejection with
quantification

Figure 1. Ratings and categorizations given to 2718 randomly-sampled climate abstracts.
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CO, levels measured by NOAA at Mauna Loa Observatory, Hawaii
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Methods

*  Amorphous boron 99.9% (B,H, decomposition)

*  Sulfur 99%, Wako

By Prof. Yamamoto in Tokyo
Agriculture and technology

» B:S=1:1powder was mixed
> Pellet was sealed in capsule
» High pressure and high temperature
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Heating is started
at high pressure
5.5~7.7 GPa

1200~2100 °C
then Quenched.

17 2225

55

[nﬂni")
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NaCl 1.50 mm
BN 2.00 mm
Sample 3.00 mm
BN jﬂ 1.00 mm
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NacCl 1.50 mm
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As synthesized (capsule)

r-BS

BN wall
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Scanning electron microscopy (SEM) of r-BS




Scanning electron microscopy (SEM) and
Electron Probe Micro Analyzer (EPMA) of r-BS

B

All of them shows
uniform B and S
intensity
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Scanning electron microscopy (SEM) and
Electron Probe Micro Analyzer (EPMA) of r-BS

~15 pum size r-BS
was observed



XRD of r-BS (synthesized at 5.5 GPa and 1873 K)
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XRD indicates that r-BS is synthesized as single phase. 24

H. Kusaka, T. Kondo* et al., J. Mater. Chem. A 9 (2021) 24631-24640



Rietveld analy

10000

5000

Intensity (arb. units)

sis of XRD measured at SPring-8 (Prof. Eiji Nishibori)

Trigonal R-3m
above 99.2 % purity of phase
(NaCl <0.7%, BN < 0.07%) .

Prof. Eiji Nishibori

40

20 (deg.)

50 60 70

25

Single phase (above 99.2 % purity of phase) was achieved
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Derived data by Rietveld analysis of XRD
measured at SPring-8 (Prof. Eiji Nishibori)

B-B bond

Crystal data

Crystal system, space group  Trigonal, R 3m
Temperature (K) 300

a, ¢ (A) 3.05070, 20.3846 (1)

V (AY) 164.30 (1)

Z 3

Radiation type Synchrotron, 2. = 1.07900 A
Selected bond lengths (A) _1.6756 (1)

B—B

Fractional atomic /

coordinates (X, y, z (A)) / X y

I-Ils.o

and 1sotropic or equivalent [g (00000  0.00000
1sotropic displacement

parameters (Ui, (A%)) B 0.00000  0.00000

0.54110(8)
0.24969(3)

0.0055(5)
0.0055(5)

\4
[ =axmcmsancwos-ommeEr | B-Bbond 1.6756 A

B-B single bond : 1.72 A
Y. Shoiji, et al., J. Am. Chem. Soc., 2010, 132, 8258.

B=B double : 1.560 A
Y. Wang, et al., J. Am. Chem. Soc., 2007, 129, 12412.

B=B triple bond : 1.455-1.504 A
S.-D. Liet al., J. Am. Chem. Soc., 2008, 130, 2573

B-B bond corresponds single bond ... 7«

ol Ll o P
1 Qo 0O O

* N p - gy ».

* W
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!b 26
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Intensity (cps)

XPS of rBS powder on Au surface

Rl e e e e e e e R L LI IR B
- B 1s ] [ S2p 2Psy; -
800 |- — 800 |- 162.8 eV —
! L | /
600 - 600 |- _
400 - 189 eV — 400 |- —
= I - = 'I -
200 |- - 200 |- _
0 Ll oA 1 e
193 192 191 190 189 188 187 186 168 166 164 162 160
Bindmg energy (eV) Bindmg energy (eV)

AlKa (1486.6 eV) B:S=1.0=*+0.2:1.0 0.2

XPS Sensitivit . L .
B: 2.16(:)3891 IS\:]17}.]186 Consistent with original starting amount (1:1)

(Sulfur was not lost during heating) 27
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HESNTVSRVIEYMDE—IHE

Negatively charged boron r-BS (this work) Positively charged boron BE (eV) Species Reference
< > 202.8 BF;(vapor) [11
199.8 BCl;(vapor) [11
1 I L] L) | 1 1 1 1 | I 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 IQaBIF 1 . | . 1 1 1990 BBra(Vapor) [1]
i B,O;, e ) 197.8 Bly(vapor) [1]
* B(OH), 196.5 B,Hg(vapor) [1]
o NayB,0+H,0 194.9-1951 NaBF, [2,3]
« (B-O) moiety 192.2-1935  B,0, [3,4]
+ BO,* 193.2 B(OH), 2]
¢ NayB:0s 192.8 Na,B,0; - H,0 2]
* (BCO,) moiety 192.7 (B—O) moiety [5,6]
* glassy B,S, 192.0-192.6  B,0Os [3,7]
* (BC,0) moiety 192.2 Na;B;06 (2]
¢ BNeo 191.5 (BCO,) moiety [5]
Boron e _ 191.1 glassy B;S; [37]
. * (BC3) moiety 190.8 (BC,0O) moiety [5]
 (B-Clmoiety 190.0 (BC;) moiety [6]
. s« LaB o 0 189.0-190.0  boron [3]
Negative « CoB Positive 189.8-190.3 BN 2,3
CeBg, P8, NdB [2.3]
.'BC & Bﬂh't 8 188.5 (B—C) moiety [8]
(BCs) in giphite 188.2-188.4  LaB; [7,9,10]
* BioH1s 188.3 Co,B [11]
) ° [} MgB . 2
. Z?‘B 188.2 CeBg, PrBg, NdB; [10]
rBa 1881 (BC,) in graphite [12]
e AlB,
i NoB 188.0 BioH14 2]
; Fe282 187.9 ZrB, [13]
187.7 AlB [11]
. 2
A 187.6 MoB, [11]
e 187.6 Fe,B [11]
# % NaBH, 187.5 VB, [11]
* KBH, 187.5 HfB, [11]
« CoB 187.4 HB [14]
« CrB, 187.0-187.4 NaBH, [1,3]
e W5B5 HH 187.3 KBH, [38]
« FeB Peak position 187.3 CoB [11]
+ CaB; 187.2 CrB, [11]
o TiBy o (*m%) 187.1 W,B, [11]
.AIB oB4Co 187.1 FeB [11]
e a-AlB, . 187.0 CaBq [15]
. %TBB2 B1s:189 eV 186.7 TiB, [11,33-35]
.
1 ’IY 1 ? I 1 1 1 1 I 1 1 1 1 - 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 ::gg?-::ggé I;IIQCB2 {;68-11827:;36]
B . 4 ™,
186 187 188 189 190 191 192 193 194 195 186.5 w-AlB, [11]
.. 186.4 MnB, [11]
B 1s binding energy (eV) 186.3 4-AlB, [11]

B1ls peak position of r-BS corresponds to that of bulk boron 28
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r-BS (this work)

Negatively charged sulfur ‘ Positively charged sulfur .
‘IIIIIIIIIIIIIIIIIIIIII|||||||llll|llll|llll|l|Illllllrlllll
n Sulfate
Sn2— . .
Sulfone
52 822’ . O
SO
. | BE (eV) Species Reference
Sulfite 17451770 SF, [3]
. . 168.5-171.0  Sulfate [3,19]
Sulfur 167.0-169.5 Sulfone [3,19]
o s eeg 167.0-168.0 SO, [3,19]
bk 8 165.5-167.5  Sulfite [3,19]
. assy Baos . 163.6-164.3 Sq [3,19-21]
Negative Positive 162.6
+ NiS 163.3 glassy B,S; [37]
163.8
oF 162.8-162.9 NiS [22]
2
162.4 FeS, [23]
. 162.1 ws, [24]
WS, 161.75-162.4 NiS, [25,26]
ot Nill, 161.6-161.9  MoS, [27,28]
161.56-162.5 ReS, [29,30]
o MoS 1282 \L/S§ NbS,, and TaS, {g;{
. ) i
Peak position 2
& Y 160.1-161.2 &% [20]
(*ﬁ%) 162.1-162.6 S, [20]
*VS,, NbS,, and T4 161.9-1632 S.> [20]
163.0-164.2 S0 [20]
oLiS S2p3/2:162.8 eV
IIII|IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII
160 161 162 163 164 165 166 167 168 169 170 171 172

S 2p,;, binding energy (eV)

S2p peak position of r-BS locates at
slightly negatively charged state 29
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Calculated electron localization functions (EFLs)

Electron
accumulated at §
p, orbital of S & |
which causes
slightly negative
charge of S
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(Prof. M. Toyoda and
S. Saito at Tokyo Tech.)
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Raman Scattering of r-BS

Intensity (arb. units)
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Thermal stability of r-BS (Thermogravimetric analysis)

o T 1 1r 1 1 17
100

80 -

60 =

o e 1

40 |-

l

Weight (%)

20 = 10 K/s in Ar =

300 350 400 450 500 550 600 650 700
Temperature (K)

Thermally stable at Ar up to 700 K 32
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Intensity (arb. units)

Thermal stability of r-BS (XRD after heating)
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After 725 K in Ar
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XRD shows the same pattern after 725 K in Ar s
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DFT calculation by Prof. S. Saito and Prof. M. Toyoda
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Why does the bandgap get smaller when the sheets are stacked?

—IEBs

DFT calculation by
Prof. S. Saito and
Prof. M. Toyoda

LDAETEIE SNy FBE

(1) FEBICE > T, RERTOEKINEI KT D -OEEFFTDEFHEL O
2) RIEEAMHEEICE ANV FDENNY FXvy TRICERK
B HEELLUB L TEETAZILTAY Xy vy 7HEE 3 35
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Transmission electron microscopy (TEM),
Electron energy loss spectroscopy (EELS)
and electron diffraction of r-BS

Prof. T. Fujita and T. Tokunaga

Nanosheets are included in the r-BS sample 3
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Excitation Emission Matrix (EEM) of r-BS

With Prof. M. Miyauchi

700 = Intensity
(arb. units)
= 600 — Prof. S. Saito and
e 150 Prof. M. Toyoda
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300 —
300 400 500 600 700 goo  Y-BSshows
- 500-700 [nm]| (1.77-2.48 eV)
Emission (nm)
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Indicating that nanosheets are included in the material »
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After exfoliation withbr. T. Masuda
Fidans Boshy A :

Height (nm)

40

Distance (um)
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Cathode luminescence (CL) of r-BS ~ Dr. K- Watanabe
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EEM of r-BS and BS nanosheets

Excitation (nm)

With Prof. M. Miyauchi

r-BS in precipitate BS nanosheets in supernatant
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SEM of r-BS and BS nanosheets

With Prof. M. Miyauchi
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Stacked bulk r-BS BS nanosheets
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AFM of supernatant (BS nanosheets)
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Intensity (cps)

XPS of supernatant (BS nanosheets) on Au
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XPS of BS nanosheets on Carbon with water

After exposing to air atmosphere
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BS nanosheets are environmentally stable
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Synthesized r—BS is p—type semiconductor

Current (pA)
200 T
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N. Watanabe, K. Miyazaki, M. Toyoda, K. Takeyasu, N. Tsujii, H. Kusaka, A. Yamamoto, S. Saito, M.
Miyakawa, T. Taniguchi, T. Aizawa, T. Mori, M. Miyauchi, T. Kondo*
Molecules 28 (2023) 1896. (9 pages)
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ARPES also shows p—type nature
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WWW.acsami.org Research Article

Experimental Realization and Computational Investigations of B,S,
as a New 2D Material with Potential Applications

Yibo Zhang, Ming Zhou,”™ Mingyang Yang, Jianwen Yu, Wenming Li, Xuyin Li, and Shijia Feng

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 3233032340 Read Online
ACCESS | M Metrics & More | Article Recommendations | 9 Supporting Information

ABSTRACT: A new two-dimensional material B,S, has been
successfully synthesized for the first time and validated using first-
principles calculations, with fundamental properties analyzed in
detail. B,S, has a similar structure as transition-metal dichalcoge-

nides (TMDs) such as MoS,, and the experimentally prepared free-

standing B,S, nanosheets show a uniform height profile lower than @ I I I 1 1 S
1 nm. A thickness-modulated and unique oxidation-level depend- A A ;2: \ ——Frugane
ent band gap of B,S, is revealed by theoretical calculations, and e & .2 % 2 el

vibration signatures are determined to offer a practical scheme for &P & > * ( ) E'iz_d \

the characterization of B,S,. It is shown that the functionalized A Y, 822 \‘\.H

B,S, is able to provide favorable sites for lithium adsorption with | & K K R 2 S

low diffusion barriers, and the prepared B,S, shows a wide band . NN 7 e
photoluminescence response. These findings offer a feasible new
and lighter member for the TMD-like 2D material family with potential for various aspects of applications, such as an anode material

for Li-ion batteries and electronic and optoelectronic devices.

KEYWORDS: boron disulfide, two-dimensional materials, material synthesis, first-principles calculations, potential applications
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Hydrogen and Oxygen Evolution Reactions and Catalysts
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Hydrogen Evolution Reaction(HER) 44
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= Low-cost, high-performance catalysts that reduce energy loss
need to be explored. 54
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Sabatier principle

Paul Sabatier

400 °C
CO, +4H, — CH, + 2H,0
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Fig. 3 Representation of the
Sabatier principle. (Adapted
from Medford et al. (2015))

Handbook of Materials Modeling,
Energy Trends in Adsorption at Surfaces, Springer, 2018



d-band center

d-band center: )

Energy at the weighted center in the occupied region of d-band
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\_ B. Hammer and J. K. Nerskov, Nature 376 (1995) 238. )
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“d-band center” is indicator of adsorption energy and
thus indicator of catalytic activity



Why gold is the noblest of all
the metals

B. Hammer*f & J. K. Ngrskov™

* Centre for Atomic-scale Materials Physics, Physics Department,
Technical University of Denmark, DK-2800 Lyngby, Denmark

t Joint Research Center for Atom Technology (JRCAT), 1-1-4 Higashi,
Tsukuba, Ibaraki 305, Japan

NATURE - VOL 376 - 20 JULY 1995

a b
—\ antibonding
/ \
/ \
/ R —— ]
> / \
o | — \ d bands
c \ \
w \
\ \ —_—
\ \
\ ‘\
\
\ 7/
\ /

—“ bonding

THE unique role that gold plays in society is to a large extent
related to the fact that it is the most noble of all metals: it is the
least reactive metal towards atoms or molecules at the interface
with a gas or a liquid. The inertness of gold does not reflect a
general inability to form chemical bonds, however—gold forms
very stable alloys with many other metals. To understand the
nobleness of gold, we have studied a simple surface reaction, the
dissociation of H; on the surface of gold and of three other metals
(copper, nickel and platinum) that lie close to it in the periodic
table. We present self-consistent density-functional calculations of
the activation barriers and chemisorption energies which clearly
illustrate that nobleness is related to two factors: the degree of
filling of the antibonding states on adsorption, and the degree
of orbital overlap with the adsorbate. These two factors, which
determine both the strength of the adsorbate-metal interaction
and the energy barrier for dissociation, operate together to the
maximal detriment of adsorbate binding and subsequent reactiv-
ity on gold.
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Prog Mater Sci2021;116:100717.

J Phys Chem B2004;108:17886-92.
ACS Catal2021;11:9317-32.
Microstructures 2023;3:2023025.
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Current discussion about OER electrocatalyst basically focuses on
Metal-based materials

0.0 T T ] T
Co,
_D_S - —
< -1.0f —
=
T 150 -
=20 . A -
2 * volcano plot
= ] 1 1 ] 1
—1 0 1 2 3 4 +H,0, M-O H*
AGH — AGY 6 (V) Fig. 2 The OER mechanism for acid (blue line) and alkaline (red

line)conditions. The black line indicates that the oxygen evolution
Fig.1 The volcano plot illustrating the relationship between the OER IPVOIVGS. the formation of a pe?0X1de (M._OOH) lnteﬂpedlate (black
activities against the standard free energy of AG2 — AGY ., on a set of OER line) while another route for direct reaction of two adjacent oxo (M—

*OHB
catalysts. O) intermediates (green)to produce oxygen is possible as well.

I. C. Man, H. Y. Su, F. Calle-Vallejo, et al. ChemCatChem 2011, 3, 1159. N. T. Suen, S. F. Hung, Q. Quan, et al. Chem. Soc. Rev. 2017, 46, 337-365.
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Low abundance I )
. . methods methods
high prices
poor stability High dispersion Multilevel ~ Large specific ~ Metal-free Transition
of active sites channel surface area element metal
Efficient \ ‘ High activity \
utilization of 1

and stability

. . active sites
ORR: Oxygen reduction reaction

0,+2H,0 + 4e- — 40H"
or O,+2H,0 + 2e- — 2H,0,
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(OER : Oxygen Evolution Reaction)

OER (alakaline)
40H — O, + 2H, O+ 4¢

BTSN

KEFRERD
(HER : Hydrogen Evolution Reaction)

HER (alkaline)
2H,0 + 2¢- — H, + 20H-

L. Li, M. Otani, T. K.* et al., Chem. Eng. J. 471 (2023) 144489.
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r-BS+G ) i

ZEAMRIETRDE (-BS) 2T 937z0%%HM = r-BS+G

r N N \ / \
HS5I1 % 7_717]_ / ZAm STEM and EDS mapping of r-BS+G

e 1eed

5571y \\

F/7L—+ r-BS+G
(GNP)
(e l jﬁ
HiRLE

L. Li, T. Kondo, et al. Chem. Eng. J. 471, 144489. (2023).



Electronic and atomic coordination structures

X-ray diffraction (X RID) patterns of samples X-ray photoelectron spectroscopy (XPS) of r-BS+G
20K C-.ax1s of r-B§+G is preferentially | 0K
oriented possibly due to the
interaction with graphene plane 60K = r-BS+G
- / / ~
= 0012) = 50K =
s (003) (009) = i C
2 10K - z
z '5
5 g 0K =
~Ns ~d
= =
= _— 20K = S
B
graphene 10K = M
0K = - A ~
0K =
10 20 30 40 50 60 70 80 1000 800 600 400 200 0
20 Binding energy (eV)

r-BS+G 1s the mixture of r-BS and GNP, no reaction, no impurities.
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L. Li, T. Kondo, et al. Chem. Eng. J. 471, 144489, (2023).



Electrochemical performance of other samples

LSV curves of B+S+G mixture

50

B+S+G
404 ——rBS+G
30 =

. /|
o

0 11 12 13 14 15 16 17 18
Potential ( V vs. RHE)

Current density ( mA cm™?)

0 -

B+S+G mixture: The molar mass ratio of B to S was 1:1, which is the same as that
used in r-BS synthesis. The mass ratio of B+S mixture to GNP was 1:2, which is
the same as that of r-BS+G, keep the amont of (B+S) is 5 mg.

25 °C

RE: Hg/HgO
or Ag/AgCl
1.0 M KOH
LSV curves of r-BS+ CB/CNT LSV 2 mV/s
R
“-'E r-BS+G
) 40 = r—BS+CB
< r-BS+CNT
E
30
z
@z f
S 20 '
=
~—
=
O 10
S
=
@) -

L0 11 12 13 14 15 16 17 18
Potential (V vs. RHE)

r-BS+carbon black (CB)/ carbon nanotubes (CNT): 5mgr-BS , and 10 mg
of CNT/CB were dispersed in 1 mL of ethanol with 25 yL of Nafion, then
followed by 1 h sonication

¢ Superior electrocatalytic performance of r-BS+G was not produced by a simple mixture of B,S and

GNP, indicating that r-BS is essential for the high catalytic activity.

¢ The choice of carbon material also had a huge influence on the properties.




How about the mass ratio?

25 °C
) . RE: Hg/HgO
LSV curves of r-BS mixed with GNP or Ag/AgC]
in different mass ratios 1.0 M KOH
LSV 2 mV/s
50 —

&

'E r-BS+G-mass ratio 1:1
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o
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Potential ( V vs. RHE)

keep the same weight of r-BS (5mg)

SEM images of different mass ratios

- 200nm -
_ 3

¢ An excess of GNP hides the performance
of r-BS, while a smaller amount of GNP
causes inadequate conductivity.




Zim

The Kinetics of electrode reactions e R

control | E control

Electrochemical impedance spectra (EIS) of different N
electrode materials under an annlied notential of 1.7 V (vs. RHE) /\ e
R RAR,/2 R+R e
GNP “
RuO, Samples Solution series Charge transfer
r-BS ’ resistance (R, /Q) resistance (R, /Q)
r-BS+G = -BS+G 1.15 8.40
r-BS 6.58 18.56
RuO, 1.23 10.87
Graphene 1.85 43.51

For Ru: r-BS >> r-BS+@G, 1indicates the presence
of GNP greatly increased the conductivity.

For Ret: r-BS+G shows a smaller semicircle,
0 ‘ 10 20 30 40 S0 | suggesting a lower activation energy for the

Z' (Ohm) reactions on r-BS+G.

Ru of 1-BS is large: poor conductivity



Does electrochemical current originate from the OER?

A rotating ring—disc electrode (RRDE) was used, whereby the OER was realized on the disk
electrode and the Oxygen Reduction reaction (ORR) proceeded on the ring electrode.

- =

Picture of RRDE

Ring electrode (Pt)

e
I -

electrocatalyst

Cross section of RRDE



Electrochemical current originates from the OER

Faradic efficiency (FE):
The proportion of applied current used for a certain electrochemical reaction

For FE system:

The disk current was set at a constant value of 300 nA to generate oxygen bubbles in situ. At
same time, the formed oxygen was reduced by the ring electrode with an ORR potential of
0.40 V (vs. RHE), then the ring current would be recorded

The Faradaic efficiency (FE) was calculated as: ~ 0 I
, 2]
ring _
FE = Ce X Idisc Ce=0.2 Z 20 o Lo =0
’ ~
=)

when the applied disk current was set at 300 pA, the ".%” 0 Laiac =300 pA
detected ring current was approximately 59.3 pA, ~ - :r\ l
corresponding to a Faradaic efficiency of 98.8%, DU I 1T R -
indicates that the electrochemical current mainly j !
comes from the OER _80 .

0 20 40 60 80 100@
Time (s)



Is the gas generated at the anode oxygen?

For normal RRDE system:

the potential of the disk electrode was scanned over the range identical to that used for
the OER (1.0 V -1.8 V), where the ring electrode was held at a constant ORR
potential of 0.2 V (vs. RHE), and the ring current and disk current were recorded

When the potential of the disc electrode was
swept over 1.48 V, a marked increase in ring
current was observed.

P As this ring current was caused by the ORR
due to the potential limitation, the bubbles that
formed at the disk electrode were attributed to
oxygen gas.

The electrochemical current whole
swept potential range mainly
originated from the OER.

|| disk (mA cm'z)

70 - 0.0
60 = :
50 = : - -0,
- ' ORR.
l = -(.4
30 = '
20 = :
: 0.6
10 =
0 [ ]
0.8

0 11 12 13 14 15 16 17 18
Potential (V vs. RHE)



The stability of r-BS+G was explored using

Electrochemical stability of r-BS+G cyclic voltammetry (CV)
25 °C .
RE: Hg/HgO % RuO,
LSV curves of r-BS+G before and after 500 CV cycles orag/agcl = 0] — rosanersoocy eeis /
(CV cycles: 1.20-1.53 V vs. RHE) LOMKOH = . _
LSV 2 mV/s Z Declined —
60 i -
r-BS+G g 10 =
r—-BS+G after 500 CV cycles MY | -
/ NO Change 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

40

Potential (V vs. RHE)

20

Current density ( mA em™)

After 500 CV cycles, r-BS+G

showed negligible degradation,

exhibiting its good durability

0 11 12 13 14 15 16 1.7 18
Potential (V vs. RHE)




Morphology stability of r-BS+G

SEM images and corresponding EDS mapping of
r-BS+G after 500 CV cycles

SEM images and corresponding EDS mapping of r-BS+G

The morphology of r-BS+G showed almost no change after 500 CV cycles @




Phase stability of r-BS+G

XRD of r-BS+G at different conditions Full-range XPS of r-BS+G at different conditions
K* adsorbed
from the KOH
30K = @{ solution
~ ~
= after 500 CV cycles = F
< o 00
~ 20K = ~ g F 0
& £
o n
£ = K g
< d = X«\
£ 10K £
0K =
10 20 30 40 50 60 70 8 90 1000 800 600 400 200 0

20 Binding energy (eV)

The crystal structure 1s stable No impurities detected




Phase stability of r-BS+G

XPS of r-BS+G at different conditions

B 1s
after 500 CV cycles
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No distinct oxide of boron or sulfur
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Phase stability of r-BS+G Raman of r-BS+G at different conditions
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Our created rhombohedral boron monosulfide (r-BS) shows top-level

catalytic property for oxygen evolution reaction in alkaline media.
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DFT calculation reproduce experimental finding of OER performance

a Pristine BS(0001)
8.0
U=00V
_ 6.0 |U=1.23V *OOH 0,
S, 40 *OH !
O —\ *O
H20 : "' ’ "-
0.0 —— \ ! b
2.26 eV
-2.0

—EB DR 2

Reaction coordinate

b C-doped BS(0001)

AG [eV]

8.0

U=0.0V
60 |U=123V 0,
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L. Li, M. Otani, T. Kondo* et al., Chem. Eng. J. 471, 144489. (2023).
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DFT calculation reproduce experimental finding of OER performance
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L. Li, M. Otani, T. Kondo* et al., Chem. Eng. J. 471, 144489. (2023).
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Electrocatalytic Mechanisms for an Oxygen Evolution Reaction at a
Rhombohedral Boron Monosulfide Electrode/Alkaline Medium
Interface

Satoshi Hagiwara,* Fumiaki Kuroda, Takahiro Kondo, and Minoru Otani* Theoretically boron vacancy

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 50174-50184 E Read Online / creates active site for OER!
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ABSTRACT: Rhombohedral boron monosulfide (r-BS) with a layer stacking structure is
a promising electrocatalyst for an oxygen evolution reaction (OER) within an alkaline
solution. We investigated the catalytic mechanisms at the r-BS electrode/alkaline medium
interface for an OER using hybrid solvation theory based on the first-principles method

combined with classical solution theory. In this study, we elucidate the activities of the ®) o
OER at the outermost r-BS sheet with and without various surface defects. The Gibbs free H
energies along the OER path indicate that the boron vacancies at the first and second  r-BS clectrode Alkaline medium

layers of the r-BS surface (Vg; and Vg,) can promote the OER. However, we found that

the Vy, is easily occupied by the oxygen atom during the OER, degrading its electrocatalytic performance. In contrast, Vg, is suitable
for the active site of the OER due to its structure stability. Next, we applied a bias voltage with the OER potential to the r-BS
electrode. The bias voltage incorporates the positive excess surface charge into pristine r-BS and Vg,, which can be understood by the
relationship between the OER potential and potentials of zero charge at the r-BS electrode. Because the OH™ ions are the starting
point of the OER, the positively charged surface is kinetically favorable for the electrocatalyst owing to the attractive interaction with
the OH™ ions. Finally, we qualitatively discuss the flat-band potential at a semiconductor/alkaline solution interface. It suggests that
p-type carrier doping could promote the catalytic performance of r-BS. These results explain the previous measurement of the OER
performance with the r-BS-based electrode and provide valuable insights into developing a semiconductor electrode/water interface.

KEYWORDS: rhombohedral boron monosulfide, oxygen evolution reaction, density functional theory, classical solution theory,
semiconductor/water interface



Summary

In summary, we have developed a new metal-free electrocatalyst for OER. Introducing
the graphene nanoplates into the r-BS by a very simple method, the mixture (r-BS+G)

exhibits high electronic performance.

We clarified that the electrochemical current of r-BS+G 1n the whole swept potential range

mainly originated from the OER, and the Faradic efficiency is 98.8%.

In the experiment, to determine the active sites in -BS+G, future studies will involve
atomic-scale microscopy and further spectroscopy studies on well-defined and defect-

controlled model catalysts.

L. Li, T. Kondo, et al. Chem. Eng. J. 471, 144489, (2023).
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Investigate the active sites

In addition to the similarity in crystal structure, the electronic structure of r-BS 1s also similar to that of MoSo2.

MO SZ--the most widely investigated Transitional

Metal-Dichalcogenides (TMDs) for HER
) IS S

S
O Mo 4+

Y. Xu, Y. Peng, T. You, L. Yao, et al. Springer, Cham., 151-191 (2018).

A HER activity of MoS2
stemmed on Mo-edge

T.F. Jaramillo, K.P. Jorgensen, J. Bonde, et al. Science 317, 100-102 (2007).

lIncrease the activity

r-BS

In line with this strategy, we attempted to
increase the area of exposed edges in r-BS by

decreasing its particle size




In the case of MoS, for HER
The synthesize of Size-controlled MoS, and the application for HER

Bulk MoS2 @

Ball-milled MoS2 Ball-milled MoS2+G

s
NN

) («

Bath sonication 1h

Ball-milling

Step 1: Ball milling Step 2: Mixed with graphene

The size-controlled MoS, particles were synthesized by ball-milling, then introducing graphene
into the ball-milled sample to keep the morphology and increase the electrical conductivity.

6
L. L1, S. L. Shinde, T. Fujita, T. Kondo*, Science and Technology of Advanced Materials 25 (2024) 2359360. (10 pages)@-c>



XRD results of ball-milled MoS, Scherrer equation

r kA
o eh Crystal Size =

BcosB’
8 h . + .
Table 1. Crystal sizes of MoS, samples ball-milled for varying
= " periods, calculated using the Scherrer equation.
»‘i Sample 20 (degree) FWHM Crystallite size (nm)
- Bulk MosS, 13.63 0.12 68
§ . MoS5-15 min 14.05 0.23 35
) Mo55-30 min 14.03 0.30 26
L 0.5h MoS,-1 h 14.06 0.51 15
MoS,-2 h 14.05 0.90
MoS,-4 h 14.06 0.98

] bulk I MoS;-12 h 14.05 1.20

10 20 30 40 S0 60 70 80 90

20

¢Based on the Scherrer equation, the corresponding crystal size could be calculated, the crystal size of MoS.
was gradually reduced from 68 nm to 4 nm by ball-milling.

L. L1, S. L. Shinde, T. Fujita, T. Kondo*, Science and Technology of Advanced Materials 25 (2024) 2359360. (10 pages@



SEM results of ball-milled MoS,

¢ The smaller size of MoS.particles was produced by ball milling.
L. L1, S. L. Shinde, T. Fujita, T. Kondo*, Science and Technology of Advanced Materials 25 (2024) 2359360. (10 pages
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Table 2. Atomic percentages of the main elements detected by XPS for pristine bulk MoS; and
MoS, samples ball-milled for different durations. The values of Mo and S are derived from the
areas of the Mo 3d peak and S 2p peaks with sensitivities (Mo 3d5/2:23.52 and S 2p3/2:7.18)

determined using SpecSurf software (JEOL Ltd., Japan).

24 12 168

1

1

162 1ilb 158

Binding energy (eV)

Sample (MoS,) Mo (at%) S (at%) S/Mo ratio MoS, (S/Mo: 2/1)
Bulk 446 554 1.24 2.00
Ball-milled 30 min 45.6 54.4 1.19 1.92
Ball-milled 1 h 46.5 53.5 1.15 1.85
Ball-milled 2 h 46.9 53.1 1.13 1.82
Ball-milled 4 h 47.5 52.5 1.10 1.77
Ball-milled 12 h 48.2 51.8 1.07 1.72

L. L1, S. L. Shinde, T. Fujita, T. Kondo*, Science and Technology of Advanced Materials 25 (2024) 2359360. (10 page

S vacancy is
reported as

active sites of
MoS, for HER

J. Joyner, et al., ACS Appl
Mater Interfaces 12
(2020)12629-12638.

X. Wang, et al., J Am Chem
Soc. 142 (2020) 4298-4308.

Y. Cheng, et al., Chem Asian
J. 15(2020) 3123-3134.

Number of S vacancy increased
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active sites of MoS, for HER

D. Voiry D, et al. Nat Mater.
12 (2013) 850-855.

D. Wang, et al. J Mater Chem
A.5(2017) 2681-2688.
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Electrochemical activity of ball-milled MoS,

0.3
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The size-controlled MoS, particles were synthesized by ball-milling, and the as-prepared samples
exhibited significantly enhanced electrochemical and catalytic properties than the natural bulk MoS2
material. After introducing graphene into the ball-milled sample, the HER activity was further improved.
In particular, the MoS,-12 h+G sample exhibited the best performance, showing a more decreased
overpotential (160 mV at 10 mA cm2), which is lowered by about 335 mV from natural bulk MoS2.

D
L. L1, S. L. Shinde, T. Fujita, T. Kondo*, Science and Technology of Advanced Materials 25 (2024) 2359360. (10 pages)w



In the case of r-BS for OER

experimentally evaluated the catalytic active sites of r-BS by using ball-milling

Method:

r-BS (100 mg) and six balls were put into the container, and milling was performed at atmospheric pressure, a temperature of
~300 K, and a rotation speed of 400 rpm. Each cycle involved 5 min of rotation followed by a rest time of 30 s (to prevent a
temperature rise during long-time operation). Ball-milling was performed for 15 min, 30 min, or 45 min.

XRD

The crystal sizes are calculated based on the Scherrer equation.

r-BS-ball-milled 45Smin
_A._JLJL__.L_A.L.L_.&_J\_.,M XRD peak positions and full widths at half-maxima (FWHMs)

’; as well as calculated crystal sizes of ball-milled r-BS samples
< r-BS-ball-milled 30min
;: 1 JL I I & ol Ball-milling 20 [°] FWHM [°]
7 time |min
§ r-BS-ball-milled 15min 0 26.14 0.24
= 1 1 P W S 15 26.15 0.26 31

30 26.17 0.30 27

| I TS DK 45 26.16 0.31 26
| N Y S WY N
10 20 30 40 50 60 70 80 90 @
20




In the case of r-BS for OER

experimentally evaluated the catalytic active sites by using ball-milling

p / Va (1)0-p)

Brunauer—Emmett—Teller (BET)

1.2

—&— r-BS
1.0 A= yr-BS-ball-milled 45min

0.8 SBET=1.35 m2 g'1
C=-32

Correlation
coefficient=0.9865

0.6

0.4 | Seer=9.85 m? g'!
C=82
Correlation
coefficient=0.9999

0.2

0.00 0.05 0.10 0.15 0.20 0.25
p/p,

0.30

0.35

The crystal sizes are calculated based on the Scherrer equation.
The surface area was measured by BET.

After ball-milling for 45 min, the crystallite size decreased,
whereas the surface area increased.

These results suggest a concomitant increase in the area of
exposed edges.

0



In the case of r-BS for OER

experimentally evaluated the catalytic active sites by using ball-milling

_ P Additional peak components
=S S appeared in both the B 1s and
S < . .
= = S 2p regions at higher
2 = energies than the original
= § peak energies, indicating that
= -BS = L BS part of the surface and/or the
exposed edges sites were
196 194 192 190 188 186 184 182 180 172 170 168 166 164 162 160 158 156 slightly oxidised.
Binding energy (eV) Binding energy (eV)
SEM LSV
50
r-BS+G
40 = r-BS (ball milled 30 min) + G
Ball-milled sample had 30 - The performance was

a reduced particle size
and increased area of
edge sites compared to
the original r-BS.

found to deteriorate when

20 - introducing ball-milling.

04—

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 @

Potential (V vs. RHE)

Current density (mA cm™)




In the case of r-BS for OER

Continue ball-milling for longer time

Intensity(a.u.)

10

20

30

40

S0

20

60

r-BS-ball milled Sh

r-BS-ball milled 4h

r-BS-ball milled 3h

r-BS-ball milled 2h

70 80

90

XRD peak positions and full widths at half-maxima (FWHMs)
as well as calculated crystal sizes of ball-milled r-BS samples

Ball-milling 20 [°] FWHM [°]
time nm
2h

26.19 0.32
3h 26.15 1.26 6.5
4h 26.15 2.12 3.9
5h 26.17 2.37 3.4

After a longer ball-milled time,

the crystal size decreased a lot (34—3.4 nm).

03



In the case of r-BS for OER

Continue ball-milling for longer time

SEM Original r-BS Ball-milled 2h r-BS

>

Sulfur lost after long-time ball-milling

Ball-milled 5h r-BS




Deep Exploration 3: Discussion about the active sites

Continue ball-milling for longer time

XPS LSV

50
A~
B 1s S Zp o r-BS+G
ball-milled 5h r-BS E 40 = r-BS (ball-milled 30 min) +G
/\ ball-milled 5h r-BS ~ —— — < t-BS (ball-milled 2 h) +G
- = y illed 2h r-BS .
= 3 w g r-BS (ball-milled 5 h) +G
s « ~—
. Z g
£ Z £ -
= ) =
o S e - =
e alizmillesl. 50 Wil EBS 5 ball-milled 30 min r-BS s
= © 10
=
r-BS @) 0
196 194 192 190 188 186 184 18 170 165 160 155 10 11 12 13 14 15 16 17 18
Binding energy (eV) Binding energy (eV)

Potential (V vs. RHE)

Original Boron and Sulfur peaks disappeared, and new - Activity decreased a lot

oxide peaks appear after long-time ball-milling

@



In the case of r-BS for OER

experimentally evaluated the catalytic active sites by using heating

Method:
Firstly, 10 mg of r-BS and 20 mg of GNP were mixed together by grinding. Then heat the mixture (r-BS mixed G)
at different temperatures for 2h. Finally, take 15 mg of the heated mixture sample for these measurements.

50
~
“-‘E r-BS+G
) 40 i r-BS mixed G-after 500°C r-BS mixed G-after 600 °C
< r-BS mixed G-after 550°C ’;
E r-BS mixed G-after 600°C = r-BS mixed G-after 550 °C
~  30= =
> ‘>
— 5 a
N E 1 . r-BS mixed G-after 500 °C
S 20~ - -
=
- r-BS mixed G
=
2 10 - L L] L L L L L
(o 10 20 30 40 50 60 70 80 90
=
20
@)
0

10 11 12 13 14 15 16 17 18 After heating, the activity decreased.
Potential (V vs. RHE) Especially after 600°C, the XRD already changed.



In the case of r-BS for OER

experimentally evaluated the catalytic active sites by using heating

Method:
Firstly, heat the r-BS powder at different temperatures for 2h, then mix the heated sample (5 mg) with 10 mg of GNP

50 50
Vamn N
o r-BS (after 500°C) +G
'E r-BS +G g 40 = r-BS (after 500°C)+G-after 500 CV cycles
S 404 'r-BS (after 500°C) +G =
< r-BS (after 550°C)+G - 30
= r-BS (after 600°C)+G £
~— <
30 = S 20~ /
z s
g ?E 10 - P4
5 20- : e
= ©
: // T T T T L] L] ]
2 10 = < 10 11 12 13 14 15 16 17 18
’; J Potential ( V vs. RHE)
@)

: : . ' . ' After heated r-BS at 500°C then mixed with GNP,
.0 11 12 13 14 15 16 17 18 the activity increased, but the stability even worse,

Potential (V vs. RHE) it means after heated sample become more unstable. @
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Electrocatalytic Mechanisms for an Oxygen Evolution Reaction at a
Rhombohedral Boron Monosulfide Electrode/Alkaline Medium
Interface

Satoshi Hagiwara,* Fumiaki Kuroda, Takahiro Kondo, and Minoru Otani* Theoretically boron vacancy

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 50174-50184 E Read Online / creates active site for OER!
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ABSTRACT: Rhombohedral boron monosulfide (r-BS) with a layer stacking structure is
a promising electrocatalyst for an oxygen evolution reaction (OER) within an alkaline
solution. We investigated the catalytic mechanisms at the r-BS electrode/alkaline medium
interface for an OER using hybrid solvation theory based on the first-principles method

combined with classical solution theory. In this study, we elucidate the activities of the ®) o
OER at the outermost r-BS sheet with and without various surface defects. The Gibbs free H
energies along the OER path indicate that the boron vacancies at the first and second  r-BS clectrode Alkaline medium

layers of the r-BS surface (Vg; and Vg,) can promote the OER. However, we found that

the Vy, is easily occupied by the oxygen atom during the OER, degrading its electrocatalytic performance. In contrast, Vg, is suitable
for the active site of the OER due to its structure stability. Next, we applied a bias voltage with the OER potential to the r-BS
electrode. The bias voltage incorporates the positive excess surface charge into pristine r-BS and Vg,, which can be understood by the
relationship between the OER potential and potentials of zero charge at the r-BS electrode. Because the OH™ ions are the starting
point of the OER, the positively charged surface is kinetically favorable for the electrocatalyst owing to the attractive interaction with
the OH™ ions. Finally, we qualitatively discuss the flat-band potential at a semiconductor/alkaline solution interface. It suggests that
p-type carrier doping could promote the catalytic performance of r-BS. These results explain the previous measurement of the OER
performance with the r-BS-based electrode and provide valuable insights into developing a semiconductor electrode/water interface.

KEYWORDS: rhombohedral boron monosulfide, oxygen evolution reaction, density functional theory, classical solution theory, 100
semiconductor/water interface
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Density Functional Theory (DFT) calculation
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Why will the introduction of defects increase the activity?

Density of states [arb. unit]

(f) Density of states and Kohn-Sham level densities at the valence band maximum (VBM)

Pristine

]
|
|
|
I}efect state
]
|

C -do.ped'

Energy [eV]

Defect state

_“ g 4 i o~
b il

_{u .’% V'B
O Bl
O =

Defect state

AR
I -\
ﬂ} /‘_ ._.-H' .I {'/'_\ I
O  #
_ﬂ?_/ ~t {

and conduction band minimum (CBM) (or defect states in the band gap) for the pristine

(upper panel), Vi (middle panel), and C-doped surfaces (bottom panel), respectively.

Iso-values of KS level densities for the pristine, Vi and C-
doped surfaces were set to 0.0001, 0.001, and 0.001 [au],
respectively. The origin of the difference between pristine
and defected r-BS can be qualitatively explained by the
stabilities of *OH, *O, and *OOH intermediates. Panel (c)
shows that the S—O bond length in the S—OH and S—-OOH
states equalled 2.10 and 3.19 A, respectively, whereas that
in the *O state was lower (1.50 A) than those in the *OH
and *OOH states. Thus, compared to *O, the *OH and
*OOH intermediates have weaker bonding to pristine r-BS,
which suggests that the formation of *OOH from *O is the
limiting step. After introducing Vg (carbon-atom
doping), the S-OH (C—OH) and S-OOH (C-OOH)
bonds become shorter than the S-OH and S—-OOH
bonds at the pristine surface, as shown in panel (d) and
(e). Thus, both *OH and *OOH are reasonably
stabilised, while *O also possesses sufficient stability,
thereby aiding OER catalysis.
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C-doped r-BS
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C-doped r-BS 108

- XRD
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C-doped r-BS
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C-doped r-BS+G

Method:
mixed with GNP, keep 5 mg of C-doped r-BS mixed with 10 mg of GNP

Mixed with GNP
- 250
o (B+C)S+G--1% C
E 200 (B+C)S+G--5% C
< B(S+C)+G--1% C
B i For original sample, the C-doped r-BS
>, 150 = o e
= showed better activity,
S but when mixed with GNP, C-doped r-
= BS+G performed worse
o
= 50
=]
- J
0

0 11 12 13 14 15 1.6 17 18
Potential (V vs. RHE) 110
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Summary

In summary, we have developed a new metal-free electrocatalyst for OER. Introducing
the graphene nanoplates into the r-BS by a very simple method, the mixture (r-BS+G)

exhibits high electronic performance.

We clarified that the electrochemical current of r-BS+G 1n the whole swept potential range

mainly originated from the OER, and the Faradic efficiency is 98.8%.

In the experiment, to determine the active sites in -BS+G, future studies will involve
atomic-scale microscopy and further spectroscopy studies on well-defined and defect-

controlled model catalysts.

L. Li, T. Kondo, et al. Chem. Eng. J. 471, 144489. (2023).
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Previous our results: r-BS+G is a promising OER electrocatalyst

L. Li, T. Kondo, etal. Chem. Eng. J. 471, 144489. (2023).
r-BS: rhombohedral boron monosulfide

Graphene
nanoplates
r-BS (GNP)
H. Kusaka, L. Li, T. Kondo, etal., Z
J. Mater. Chem. 4, 9, 24631 (2021). Bath sonication 1h
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Problem 1: electrochemical stability

The stability of r-BS+G was explored
using cyclic voltammetry (CV)

The stability 1s very important for the wide application of electrocatalysts

LSV curves of r-BS+G after 500 CV and 2000 CV cycles between

~ 60
«
= r-BS+G
© e 1—BS+G after 500 CV cycles
E
w 40-
>
o=
z No change
% \
~— 20 -
=
w
e
e
-
O
0 s === e

0 11 12 13 14 15 L6
Potential (V vs. RHE)

1.7

1.8

Current density ( mA cm™)

The reason for the

60 decrease of the activity

is the detachment of the
sample on the electrode

—— 1+_BS+G

after 2000 CV cyc
40
Decrease a lot
20
0
T T re——T—
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Why did the activity decrease aftter 2000 CV cycles?

Scattering intensity

" RRDE after 2000 CV cycles

~ T After 2000 CV cycles,
-E No signal Electrolyte-pure KOH (before measurement)

E No signal Electrolyte-after 50 CV cycles - SOme Samples was

é - Electrolyte-after 2000 CV cycles ! detached from the

2 10 - | .

g . electrode, causing the
= e .

& I loss of the activity.
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Problem?2 : Tafel slope

1.8
7~
E 1.7
2 1.6
>
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= 15
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Tatel plots of different catalysts

GNP
RuO,
r—BS
r—BS+G

/

136 mV dec’!

79 mV dec’!

Y Y T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

log [i (mA cm™)]

Tafel slope
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Tafel slope: a quantification of the
additional voltage required to increase
the catalytic current density by a decade.

Smaller Tafel slope. better performance.

The Tafel slope is large



Next step: Development of highly stable r-BS+G catalyst for OER

Unstable reason:
Generated O:bubbles cause detach of the catalyst in electrolyte

To solve:

Introducing the self-supporting structure.

The 3D nickel foam (NF) with high conductivity,
large surface area and stability 1s a promising
candidate as substrates.

Nlckel foam (N F)

We introduced the Nickel foam as the self-support electrode

19
L. Li and T.K.*, et al., Sci. Tech. Adv. Mater. 24 (2023) 2277681. O



Method

r-BS

(“ GNP

r-BS+G Drop ink on the r-BS+G-NF

Wdrking electrode

Q Add Nafion pre-treated Nickel foam
J—I /44_.,_._.'2 Ll F ,/f_-».__.'I y

Reference

(Ag/AgCl)

Electrode |

/V

(self-supporting
Ni foam)

e

> (Pt wire)

|

Ton exchange membrane

Bath sonication 1h Ink for measurement

[r-BS-NF, graphene-NF, RuO2-NF were prepared by
the same method (drop same amount of catalyst on NF)]

All electrochemical measurements were performed with a three-electrode
system in 1 M aqueous KOH with an H-type electrolytic cell



Physical characterization

Scanning electron microscopy (SEM) of r-BS+G-NF

and element mapping of r-BS+G-NF

r-BS and graphene particles were well supported by the Ni foam

L. Li and T.K.*, et al., Sci. Tech. Adv. Mater. 24 (2023) 2277681.

Electron probe microanalyzer (EPIMA) image

20 pm



Excellent electrochemical activity of r-BS+G-NF 2 o

RE: Hg/HgO

LSV curves of NF-supported catalysts 5mV/s

600 ( overpotential = Abs (Experimental potential—

s Nickel foam (NF) thermodynamic(1.23V))potential.)
graphene-NF 400
RLIOZ-NF 10 mA cm

100 mA cm™
r-BS-NF maem
600 600 500 mA cm

r-BS+G-NF

N
S
=
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513
468

400 = 405

200

100 mA cm™

Overpotential (mV)
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Current density (mA cm™)

NF graphene-NF RuO,-NF r-BS-NF  r-BS+G-NF
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Excellent stability of r-BS+G-NF

r—BS+G—-NF®)
7|:|/7|_:7_'>:/3}|‘U_ ﬁ 20 h at 100 mA cm™2

Potential (V vs. RHE)

1.8 RuO,-NF and r-BS-NF showed a trend
/ of continuously increasing voltage
(Unstable)
1.6
1\
r-BS+G-NF r-BS+G+NF: a negligible change
14 keep 100 mA ecm™ (Stable)
These results further suggest that as a support
1.2 material for effectively combining r-BS and NF,
the flexible graphene sheets played a critical

role in stabilizing the electrocatalyst.
1.0

Time (h)

L. Li and T.K.*, et al., Sci. Tech. Adv. Mater. 24 (2023) 2277681.



Excellent stability of r-BS+G-NF

Potential (V vs. RHE)

r—BS+G-NF @)
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Excellent electrochemical activity of r-BS+G-NF
Tafel plots of different catalysts

Nickel foam (NF)

1.60 graphene-NF /
RuO,-NF 1 - ’ ’
2 97mV dec The Tafel slope 1s much smaller than without Ni-

-BS-NF
) support catalyst—r-BS+G (210 mV dec™1), and
the smallest in all the measured catalysts

r-BS+G-NF

1.55 :
65 mV dec

This indicates that the rate-determining
1.50 105 mV dec'|  steps differ and/or that different reactions
oCcCur.

Potential ( V vs. RHE)

06 08 1o—T2 14 16 18 20
Log [i (mA cm™)]

L. Li and T.K.*, et al., Sci. Tech. Adv. Mater. 24 (2023) 2277681.
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The Kinetics of electrode reactions e R

Electrochemical impedance spectra (EIS) of different
electrode materials under an applied potential of 1.6 V (vs. RHE)

Zg,

) NF o e Samples Solution series Charge transfer resistance
S= B} | |
graphene-NF resistance (R, /Q) (R, /)
RuO,-NF Re
r-BS+G-NF 0.43 0.72
/g r-BS-NF
_BS+G-
S 10- FBSTGNE r-BS-NF 0.45 1.22
N RuO,-NF 0.63 1.56
N Graphene-NF 0.62 1.83
0.5 =
Bare NF 0.64 2.27
r-BS+G-NF exhibited the smallest Rct, which
0.0 e . . . . . . implies increased electrochemical activity and/or
60 05 10 15 20 25 30 35 an increased number of active sites.

Z' (Ohm) {@



Comparison of OER activity of NF-supported electrocatalysts

in alkaline electrolyte

Lower overpotential, smaller Tafel slope

600
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N 400
g
(]
— 300
o]
g §
S « 200
N
S E
= S 100
P
S =
& @ L & L YK L F
«23% @%.‘5»‘@ &° Q‘§ @)% < ,Q%g '\§ q;% N @’O
L& TP TS W
FToF &g & ISP 0TI 8
S S
S S
,éx
Top level
And Highly Stable

better than reported
NF-supported OER
l/ electrocatalysts
Electrocatalysts Ny (mV vs. Tafel slops (mV Reference
RHE) dec™)
r-BS+G-NF 245 56 This work
345@n oo

Co:Mn:CH/NF 349@Mn, 00 - 2017
Co5M01.00 NSs@NF 270 55 2018
NiCoSe,@NiO@CoNi,S, 310 @ns, 159.1 2018
@CoS,/NF

CoTe-200°C 370 — 2018
CCH@CoSe/NF-30 min 255 66.4 2019
Co,S;@NC 288 65 2019
Fe-Co-Te-2 300 45 2019
NiTe-Pb, sNi 45 Te 387 96 2019
CoNi,S,@CoS,/NF 259 45 2019
EG/(Co, Ni)Se-2-NC 258 73.3 2019
CoNi LDH/Co00-1 300 123 2019
FeSe,/CoFe,0, 251 88.76 2020

N10/100 : overpotential at 10 or 100 mA cm-



Summary

A freestanding high-efficiency electrocatalyst (r-BS+G-NF) was synthesized using a simple
method. The electrocatalyst exhibited lower overpotentials and high durability (100 h),
where flexible graphene sheets were suggested to play an important role as a support
for effectively combining r-BS. Furthermore, it provides greater possibilities for future

practical applications and also provides strategies for the modification of other materials.

1.8
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E 1.6 o
w
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?:
q=) 1.2 - -
R
=
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1.0 T ¥ T Y

0 20 40 60 80 100

Time (h)
L. Li, T. Kondo, et al. Sci. Technol. Adv. Mater., 2277681 (2023).
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Derived local structure B-H =1:1

- KIZRTE
- BT ESADKEZEHOYE

F= H 1= (BRER{E)
4068 m?g

KFREEFE (RAE)
8.5 wt%
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0.1012/0.0785 = 1.29 g/cm?3

HRKREE

1290 x 1/(11.8*%1) = 109.3 kg/m3
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S. Ito, T. K.* et al., Phys. Chem. Chem. Phys. 25 (2023) 15531.
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From other groups

Similar research of HB as
reductant was reported as an
application for superior fuel
cell Pt/B-C catalyst synthesis
from Chinese group.
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DOI: 10.1039/D0OTA06542K

2D Hydrogenated Boride as Reductant and Stabilizer for in-situ
Synthesis of Ultrafine and Surfactant-Free Carbon Supported Noble
Metal Electrocatalysts with Enhanced Activity and Stability

Saisai Gao,? Yang Zhang,? Jinglei Bi,2 Bin Wang,®* Chao Li,° Jiamei Liu, ® Chuncai Kong,? Sen Yang? and
Shengchun Yang“*

The common issues of carbon-supported noble metal catalysts, which are the most widely used catalysts in scientific and
commercial cases, are the poor dispersion and stability, large particle size of noble metal. Herein, we uncover the reducibility
of 2D hydrogenated boride (HB) toward noble metal ions, such as PtCIAZf , PdCIAZ} ~ and AuCl4 , for synthesizing ultrafine and
surfactant-free noble metal nanoparticles. Furthermore, inspired by such results, the carbon supported noble metal
nanoparticle electrocatalysts (M/B-C, M = Pt, Pd and Au) with ultrafine size (2-3 nm) and high dispersion are prepared
through a simply mixing-stirring-filtering (MSF) method at room temperature, even the noble metal loading amount reaches
as high as 52.9 wt.%. There are no organic surfactants and other reductants involved in the whole preparation process. In
light of ultrafine size and clean surface, the M/B-C catalysts exhibit surpassing activity relative to the commercial
counterparts. The theoretical calculations indicate that the as-formed noble metal nanoparticles (NPs) present much
stronger interaction with the HB hydrolysate, i.e., 2D boron sheet, than that with carbon black, contributing to the excellent
catalytic durability of M/B-C. This work provides a new strategy for synthesizing carbon-supported noble metal
electrocatalysts with enhanced activity and durability.
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of MEA with Pt,Pd,;/B—C are well within the DOE 2020 target. Density functional theory calculations reveal that the PtPd(111) 3054 ;::l‘::nf;:r:(:,’:f“r
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From other grouEs HB nanosheets were used for Ag reduction and product

composite with Co;0,-Ag@B show great OER property
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