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Abstract: With the advantages of high hydrogen storage capacity and easy liquefaction, ammonia has emerged as a
hydrogen carrier to solve the bottlenecks in hydrogen storage and transportation, providing support for the

construction of a green ammonia—hydrogen industrial chain featuring “clean ammonia synthesis—safe and low—cost
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ammonia storage and transportation—carbon—free ammonia—hydrogen utilization”. Traditional thermocatalytic
ammonia synthesis and decomposition are limited by high energy consumption and harsh reaction conditions, while
photocatalysis struggles to meet industrial demands due to low solar—to—chemical conversion efficiency. Solar
photo—thermo—catalysis offers a breakthrough solution for efficient ammonia synthesis and decomposition under
mild conditions. This technology couples the photothermal effect of long—wave photons with the photoelectric effect
of short-wave photons, fundamentally changing the reaction pathway and mechanism of solar light-thermal-
chemical conversion. It achieves a “1+1>2” synergistic effect, jointly enhancing catalytic activity from both reaction
kinetics and thermodynamics, effectively reducing reaction temperature, improving solar energy utilization, and
ensuring the efficient and economical conversion of solar energy into chemical energy. This review focuses on four
mechanisms: photo—assisted thermocatalysis (PATC), photo—driven thermocatalysis (PDTC), Thermo—assisted
photocatalysis (TAPC), and photo—thermal co—catalysis (PTCC), systematically analyzing the corresponding synergy
principles, catalyst design strategies, and performance enhancement laws in ammonia synthesis and decomposition.
It also discusses key challenges in current research and future development trends, providing theoretical

foundations for the application of photo—thermo—catalytic technology in the field of ammonia—hydrogen energy.
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Fig.1 Schematic diagram of the green ammonia—hydrogen industrial chain
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Fig.2 Schematic diagram of the relationship between solar spectrum distribution and semiconductor spectral response
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Fig.3 Schematic diagram of solar—powered photo—thermo—catalytic ammonia synthesis and decomposition
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Table 3 Summary of catalyst types and catalytic activities for photo—thermo—catalytic ammonia synthesis
S PR S A G (wmol - g™ +h ™) SCHk
PATC Cs(6)Ru(2)@Zr0, 0.1 MPa, 350°C 1600 [53]
0.1 MPa, 1.08 kW +m™, 350°C 5100
Cs, Ru,@ST 0.1 MPa, 350°C 1989 [54]
0.1 MPa, 1.08 kW-m2, 350°C 3345
Ru-Cs/MgO 0.1 MPa, 333°C 1530 [28]
0.1 MPa, 20 kW -m?, 333°C 2088
0.1 MPa, 47 kW -m, 333°C 4464
K-Ru/C 0.1 MPa, 350°C 319 [55]
0.1 MPa, 53 kW -m?, 350°C 2169
PDTC a-Fe-110s 0.1 MPa, 350°C 25 [46]
0.1 MPa, 400°C 118
0.1 MPa, UV-VIS-IR 1260
0.1 MPa, UV-VIS-IR, 67.2 kW -m™ 2538
K/Ru/TiO, H, 0.1 MPa, 360°C 56.3 [56]
0.1 MPa, 300 W Xe 4T, 360°C 112.6
Fe 0.1 MPa, 600°C 285 [57]
0.1 MPa, 0 4248
Pt,—Pt -TiN 0.1 MPa, 280°C 121 [58]
0.1 MPa, 6 kW-m™, 280°C 530
TAPC Ru/BaTaO,N 0.6 MPa, 1 kW -m, 240°C 5869 [59]
U6(Zr-Fe)/Fe-MXene 0.1 MPa, 1 kW -m™ 95.1 [60]
0.1 MPa, 1 kW-m™, 80°C 302.7
Bi-BiSn0/Bi-CN 0.1 MPa, VIS 486.14 [61]
0.1 MPa, UV-VIS-IR, 55°C 699.76
JH Ti0,@HLCP 0.1 MPa, 300 W Xe 4T 17.14 [62]
0.1 MPa, 27.7 kW+m™, 87.9°C 360.37
0.1 MPa, 0.564 kW -m™ 73.65
Fe-MoO,_/MXene 0.1 MPa, 1 kW-m™, 25°C 73.5 [63]
0.1 MPa, 1 kW-m™>, 40°C 87.1
A-CN/Fe-MXene 0.1 MPa, 1 kW-m™>,25C 183.5 [64]
0.1 MPa, 1 kW-m™, 81.8°C 238.6
0.1 MPa, 5 kW-m™, 177.1°C 587.3
TiO, powder 0.1 MPa, 3.0 kW -m™ 152.8 [65]
0.1 MPa, 1.0 kW-m™ 241.6
0.1 MPa, 3.0 kW-m™ 692.8
PTCC 15Ni/TiO, 0.1 MPa, 1 kW -m, 400°C 1.17 [66]
PMo,,V,@Fe-PDA 0.1 MPa, 40°C 8.2 [67]
0.1 MPa, 90°C 29.1
0.1 MPa, 808 nm NIR, 240°C 181.1
10Fe-TiO, 0.1 MPa, 350°C 72 [68]
0.1 MPa, 3.65 kW-m™, 350°C 93

AN IR AE NG LA AL R B 42 BRESE T 400°CAHIR Y 20 A a3 (8] 8(a) L (b)], 5
filp B B AR AR BB 5 oK (0 4 & B AR 6 5™ Zhang BT 16% RIFABENT 4 . 76 400°CI G 3 B[Rl 1L 2
PRI Ru/CeO, 7E G (A <460 nm)335° C R 4185 A B FE AT 35 18 mmol- g -h™', L FR A PERES 5 T
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Fig.7 Under dark (dark) and light (light) conditions (a) ammonia production rate versus temperature and (b) Arrhenius plot;

Dependence of NH, partial pressures on (c) N, and (d) H, under dark (dark) and irradiation (light); (e) Schematic of PATC ammonia
synthesis using Cs(6)Ru(2)@Zr0,; (f) Ru(2)@Zr0, and (g) Cs(6)Ru(2)@ FTIR spectra of CO chemisorption on ZrO,; (h) Adsorption

schematic diagram of N, on Ru, and Ru,CsOH™

2.574% , MAEAOEIR A A1 T ok & U, UESAEfl
PERE M B THIH AT PATC L . 7ERE (Lt 72
N, B SE i B TRt R I A i a . £ PATC it
TR 8(c)], B T A B AR SN, 4 5 R AR W] R 4 i
MR (LA i 3 ) N, 205 O FE U, 8 ) Jep ek
H, 285 B T )8 N=N =8, S B0 o AU 115
e SAC RS B R T — A e T
i F A R 22 73 (FDTD ) B 8L UE S [ 5] 8(d)  (e)]: Ru/
CeO, RMAICIE T AT R R mfee 7, A
RARHEN, T AL

Zhang %5 % BHA 2 vh 6 R R 8 B
o IRE A NHL e Al 3 2350 080 520 27 D B 52 s 2

PR EE (T i) o B T TRA B AL T 1 BT 422
4y B A5 20 IR TR 0 U R (R ) 5
T 3 A AL B SR G R (Ry) 5 R [
75 Hh AL T BTIR I SN R (R, NIV G B
L 5 N IARLON, (4 SRR A TR R . R/
CHEALFTE 5.3 Weem™ IR PATC [ NH, /= %k
2169 pmol g -h™", LA AL T (319 pumol-g'-h™)
e T 6. 845118 9(a)l;s Herb R, T FE 73.6%, 5
FFHALE Ob)]. (EAFTE R A, AL A T
282 CHF AR 21 W i A B, I3 15 5 10 1y
TE T, 00, =282 CIF U/ 33 35 369 pumol - g7+ h ™!, BE
ZAE 231°CHHEA 68 wmol-g”'~h' o b HAE AL Y 52



5551 www.hgxb.com.cn - 2369 -
® i 20 (b) Light+thermal

W — Light+thermal ]
%016 g Thermal £ ©

2 b

gk 2 FWithout light d /. .
) 335°C S — 257 | 9~ Light excitation
3 s s, &f 333333333
—E 4 g | Without thermal

o B [}

% -4 +H
% 0 1 1 i 1 +N2

100 200 300 400 0 5 10 15 20
Temperature/°C NH, evolved/(mmol-g"-h™) o ‘:0
@ i @ /) 333383388 o om emuoce 333333333

15 10.1 15 15.3

10 = I8_42 10 I12.7

5 6.78 5 10.2 < NH, ~NH

0 5.13 0 7.7 ) >
=5 3.49 -5 5.18 - v
0 |- I ool ossodeees
- 0.196 - 0.139 ~_H ~—

15 -4 0 4 8 ) 8 4 0 4 8

(nm) ki (nm)

%8

(a) AR T Ru/CeO, HY NH, 45 U 5 (b) RUBTARANEIE A £8P 2 942 1 525825 () Ru/CeO, 1 NH, & U B 4271

T 7300 nm BT (d) CeO, Fl(e) Ru/CeO, R LI 5 J3E 44 58 25 ] 531 ™

Fig.8

(a) NH, yield synthesis rate under different temperatures for Ru/Ce0,; (b) control experiments with heating and light as control

factors; (c) schematic diagram of NH, synthesis reaction pathway on Ru/CeO,; the spatial distribution of electric field intensity

enhancement in (d) CeO, and (e) Ru/Ce0, under 300 nm irradiation™
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Fig.9 (a) Schematic diagram illustrating the contributions of hot electrons and local heating during catalyst irradiation; (b) Photo—

thermo—catalytic ammonia production rate contribution from R,,,,., and R, ... as a function of light intensity at T, ., = 350°C

[0.1 MPa, N,/H, (volume ratio = 1/3)]; (c) Arrhenius plot; Dependences of NH, production rates on the partial pressures of (d) N, and
(e) Hy; (f) Hybrid molecular orbital diagram of adsorbed nitrogen interacting with Ru; (g) Partial density of states for the 3d orbitals of

Ru and " orbitals of adsorbed N," and the hot electron transfer process from Ru to adsorbed N,; (h) Schematic illustration of hot—

electron—mediated energy barrier reduction for N, dissociation and NH_* hydrogenation™
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Fig.10

(a) Comparison of thermocatalysis rates for K/Ru/TiO,_H, and PDTC ammonia synthesis; (b) Schematic diagram of the energy

difference between thermocatalysis and PDTC; (c) Two—dimensional near—field intensity distribution normalized relative to the incident

field under illumination; (d) Three—dimensional temperature distribution around a loaded Ru cluster under irradiation at wavelength A=

425 nm; (e) Schematic diagram of the dual-mechanism for ammonia synthesis
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(a) Thermal balance of ammonia synthesis on iron surfaces (From bottom to top: 1, 5, 10 atm); (b) Dual-temperature—zone

PDTC synthetic ammonia reaction scheme; (c) Feasibility analysis of “beyond equilibrium” reactivity; (d) Schematic diagram of

TiO,_H /Fe for ammonia synthesis using dual-temperature—zone PDTC; (e) Electric field strength distribution (IE/E,I*); (f) Power—to—

volume ratio (Q),) and (g) Steady—state non—equilibrium temperature distribution at an incident wavelength of 726 nm
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Fig.12 (a),(c) Schematic diagram of reaction under temperature gradient (dark shading indicates gas flow path); (b) Temperature

gradient under heating and illumination (2.7 W +cm, green triangles); (d) NH, synthesis rate under dark and light conditions

R4 TAPC AR EKI K8 KR B K% A8 KL A9 3% [ B AL
Table 4 Key reaction steps in TAPC ammonia synthesis

and corresponding reduction potentials

FF5 SR EJV
1 H,0 + 2h'——1/20, + 2H" 0.817
2 2H' +2¢ —H, -0.42%
3 N, +e—N; -4.16"
4 N, +H' + e —N,H -3.20"
5 N, +2H" + 2¢—N,H, -1.10%
6 N, +4H" + 4e—NH, -0.36"
7 N, + 5H" + 4 —N,H,* -0.23"
8 N, + 6H" + 6 —2NH, 0.557

O S g 3 E ARX AR S AR (NHE) , pH=7.,
Q18 S5 L 34 E A% AT S0 ) (RTE) o

=5 EREEIR T A R M NRR UV 0 S RE 28 ; 8
LRI T 2 0 AT S A WO 1 A R L R TH AR TS
P o IS & 5 A W R R 454 - DLW & JE
Ui0-66(Zr-Fe)B il F 7 L , MXene 1481 P #£ 1%
1B ZIA T, 21 Ti 25 24 72 1Y Fe A p B FeMo
R FAEE N, 1 7= A4 I a) N=N JOBEEPLIEE A BT

[28]

100 mW-em™JGIEN IK R H IR 2 74.5°C, 24 AL
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(& 13(b)]; FLAIG R AT 25 38006 NRR B 6, 5% ROt
BT = A 2, OB BT 2 80°CHY TAPC 3K 43 3l
Jy AR FI AL 9 1.4 45 F0 51.8 4%, 3IFE 52 7Ok
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fiE 7 5 KW B 1% s N=TPD UES2 4025 i 5 Fe i 15
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Fig.13

(a) Schematic diagram of the U6(Zr—Fe)/Fe—MXene catalyst; (b) Comparison of NRR performance under different reaction

conditions; (c) In—situ DRIFT spectrum; (d) Schematic diagram of NRR reaction pathway under TAPC; Fe-MoOQ, /MXene catalyst’s

(e) UV-vis—NIR DRS absorption spectrum and (f) schematic diagram of the mechanism for TAPC ammonia synthesis™"
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Fig.15 AC-CN/Fe-MXene catalyst for GLS and GVS: (a) schematic of the photothermal catalytic NRR system and (b), (c)

photothermal catalytic ammonia synthesis curves; (d) Schematic diagram of the TAPC ammonia synthesis mechanism; (e) 3D time—

domain finite difference simulation diagram
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Fig.16

(a) Temperature dependence of Gibbs free energy changes for ammonia synthesis and water splitting; (b) Performance

comparison of MTaO,N (M = Ba, Sr, and Ca) in seawater and pure water; (c) Schematic diagram of Ru—BTON’ s mechanism for

ammonia synthesis in seawater’
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(a) Schematic diagram of POMs@Fe—~PDA and PTCC in the nitrogen fixation reaction (POMs represent H.PMo,,V,0,, or

H,PMo,,0,, clusters); (b) Energy maps of Fe~PDA, PMo,,, PMo,,V,, PMo,@Fe-PDA, and PMo,,V,@Fe—PDA; (c) Electron transfer

pathways in nitrogen reduction on PMo,,V,@Fe-PDA under near—infrared laser irradiation
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i Al N—H #2455 N i pf e 421, 1 PATC i 1t
R R I - R T 0 S T SR B AR
T EE T SR Ak S g B Sy 2

Sun &5 "Il £ 14 Ga A& G 43— 07 17 2% Ru 44
K BUKE 8 AL 7 Ru—S-1(GaOH), i i3 GaOH 42 Tt Ru
T B 8 430 AL IE ] Ru f90AE
KR ChiAE <3 nm, =380 , i TOF=1 B # L & 7
AR MAE G2 >450°CRE 2 430°C, 1.2 Weem G
SRR R AR 2 — 2D [ % 375°C MR BT
el Eb Al AL 1 NH AL R 5 15% JH, 72 3
e 4 A5 & 18(a) (b)]; [A]— i B2 T, TOF {ECAH 1 3
[ 18(c)]; 24 2 I it B2 >400°C s, ot 09 42 1 FH sk
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Table S Summary of catalyst types and catalytic activities for photo—thermo—catalytic ammonia decomposition
s el R b AR L %/% ik
(pmol-g™'+s™)
PATC Ru-S$-1(GaOH) 400°C 40 5 [110]
12 kW-m™, 400°C 110 17
450°C 100 12
12 kW-m™, 450°C 230 27
PDTC Cu-Fe-AR 352°C 0.06 — [111]
76.3 kW-m™, 352°C 466 —
Cu-Ru-AR 482°C 100 — [112]
96 kW-m™, 475°C 1200 —
Ru/y-AL0, 420°C 208 36.5 [113]
18 kW-m™, 420°C 472 84.8
Co@C~ZIF-L 33 kW-m?, 254°C — 18 [114]
Co@C~ZIF-67 33 kW-m?, 250°C — 26
Co@C-MOF-74 33 kW-m?2, 227°C — 37
Fe@C 550°C — 52 [115]
46.5 kW -m2, 550°C — 63
KCC-1-NH,-Ru@C-K 35 kW-m, 300°C 79.3 23 [116]
SA Ni/CeO, 300°C 59.07 — [117]
1 kW-m™, 310°C 26.3 —
SA Co/CeO, 400°C 168.3 — [118]
2 kW-m™, 400°C 45 —
Ru NPs/GaN NWs/Si 409.7°C 3.09 — [119]
50 kW-m™, 409.7°C 3070 —
K—Co,Mo,N Xe 4T, 500°C 96.53 86.5 [120]
TAPC Cu-Ti0, ~CPTC 15kW-m™ 93°C 6.44 — [21]

PTCC —

Hafin, UPS B2l T 400°CA HI B H 755, T
FEHTR 100°C RIS 2 H JE - (KR 1 eV 1), JIE B
Ot B AT AR IR 22 27 i 1 18(d) L (e)]5 73 4h , 1 AL RE
WL 2R e (57.8 kT -mol™) L 4L (60.8 kJ - mol ™)
1%, 2053 5 O 3R OC R T AR AR, UE BTG IR
ANk B B AR [ 18(F)]; DRIFTIR 7 )6 #4245
', NH/NH, () N—H % 81 (1560, 1214 em™) 5 4l #1442
UL H H B FIRS) (1847 em™) FIN=N R 5 (2046 em™)
B 2B IE S BT ) 55 N—H 8 A TF H T2
A5 N AERE 18(2) (h)]. DFT 5 EAFLE &R, H
JRF 5 A A4 i A B A5 B ol S o o 8 N—
H #E W 24H0 H P25 A R R T

232 PDTC & % f# & PDTC & 4 i il &2 Y
HOCH R o g L R o B i 28 A,
O EAAE T LA K PHAE Ml — BB R IR, E
“FEIFE AL THR -+ AR R RE 227 1 I R 4 FH 2 1

& GE AL 17 JR BRI, PDTC 38 [ 58 P K O
PR T A2 . — AR TR &8 (Cu) VAR
AR (MOF 15 £E 4 ) S50 AR £, PRHURE i 11 57
Fh il 28 S50 i T T T B DX ) 5 R DA B
TG AL A, BOH 55 N—H SR &2 fin s
N I B, B2 il 1%k 3% M o S o 9, AT 7
TC A RE U i A BRI T S B R AR A, X
— A A A S s R B YR 37 55 v g 7
B3, O A 24P BN i SO -5 AR Y 4 B
TSI TR BH OGS 2l i 2053 A ) S, BARBIFSE R
L R o

Halas 55" B35 10T H 45 B IOT 98 R 0KE (40
Cu.Ag.Au) 5HIE 4 & (1 Ru . P 2H i 1Y K2k -
I #% (antenna—reactor, AR) B &4, H.7' Cu-Fe-AR
Fl Cu=Ru—AR 7E 2 7 fiff i 2 e 287 % 20 1 A0 £ ) 4
PEE k. b Ru i Fe 1 NH, W BR -5 165 25 1947 24



- 2380 - b T % W BITE
(a) 40 1= Thermocatalysis (b) E.”300 - © 41
- —— Photo-Thermocatalysis o0
g 5100 sL
g 30 g E
o = B ek
3 %0f vl
220 5 r & 2
8 g 10F =
= 10 = E 1+ 375°C/ -430°C
Z 2 3F
2 L
or 1 1 1 1 S:, 1 1 1 1 1 or 1 1 1 1
250 300 350 400 450 500 T 250 300 350 400 450 500 250 300 350 400 450 500
Temperature/°C Temperature/°C Temperature/°C
C) Thermocatalysis (e) Photo-thermocatalysis ® »
—100°C —100°C 'on 200 |- » Thermocatalysis
—250°C — 250°C = + Photo- thermocataly51s
—400°C — 400°C g
% 100 |
Q Q s E=60.8 kJ
= . E=57.8k]
2
o
=
]
2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 Q:' 1 1 1 1 1 1 1
32 1 0 -1 2 -3 3 2 1 0 -1 =2 -3 T 1.40 1.45 1.50 1.55 1.60 1.65 1.70
Binding energy/eV Binding energy/eV (1000/7)/K*
() (h) 0.06 O] nThermocatalysgl
=  |@Photo-Thernmogegtalysis
0.04 1 0.05 g
1 . % 3 1214 cm'! 1560 cm'!
| 0.04 5 8
8 mill m
8002} 500 = 8 =
= £0.02F ® e
0.01 ’ < =|1847 cm'! — || 2046 cm!
’ 0.01 s
[y
0 1 1 1 1 1 0 L L Il L L n—l Iﬂ
2200 2000 1800 1600 1400 1200 2200 2000 1800 1600 1400 1200 100 250 400 100 250 400
Wavenumber/cm'! Wavenumber/cm! Temperature/°C
K18 e E) SCT)AM T BI(a) NHFEALAR, (b) H, 2 GHE A, () Ru=S—-1(GaOH AL SN i TOF {E ; Ru-S—1(GaOH)7E(d) #4

HEALFN(e) SEFAMEAL T 5 NH FHE A B89 UPS St

(H T _L:100,250.,400°C) ;(f) NH, 23 SO0 55 AL BE 5 (2) BUiiEfb A(h) SE34

FEAL T NH, 53 i A DRIFTS 2347 5 (i) SHEE AR 5 06 IE R T AN [R] i Ak 0o v B L Fry A AE
Fig.18 Under light-heat (upper) and heat (lower): (a) conditions NH, conversion; (b) H, production rate; (c) TOF for the reaction

catalyzed by Ru-S—1(GaOH); UPS spectra from Ru—S—1(GaOH) at various stages of interaction with NH, under (d) thermocatalysis and

(e) photo—thermo—catalysis(from bottom to top: 100, 250, 400°C); () activation energy of NH, decomposition reaction; in situ DRIFTS

analysis of NH, decomposition under (g) thermocatalysis and (h) photothermocatalysis; (i) variation of peak height with the temperature

at different wavenumbers under pure thermal and photothermal conditions

JNEIEPEAL A T Cu /R RZ e i KBRS ERE R
SRy R T A I I i R 3R T A O AR B
S A R T (R RB L T /28 70, 6 Ru—N 4
PEAT IS DL I 2 AR R N BE & B A A M
2018 4% A AR Cu-Ru—AR 7£ 9.6 W-em ™G H.
TCAMERIMAATT |, Ak 500 I BE AT 3k 475.4°C, 2 53 i ™
SR 1200 wmol - g -7, Fo AT J5 B R 2R 2 )
R KO IR B2 T P VR Tl BETT R AR L R A B
B AR AR 19(a)] 5 A 7] ek 2 T )6 R A A Ak i %
L PDTC LA 1~2 B 9, HERR T 6 i
RIS TR SRR 19(b)]. SR E, R 45 5
71 HEL A I R SR R RO M < TG O B B =
1.21 eV, 7 550 nm (Cu—Ru-AR 9 LSPR #i % ) )¢ i
T, E BRI 2 0.35 eV, FLIEE G MR35 % 19 7

[110]

B RF SRR 19(c)]. ©F1 N A9 B, 2 il 45
TR (RDS) I BE (K _e) A2 B RDS H T 85 K 4

JOT 1) 5 R P s Bt 1ok s I i ) A o 0 ) 35 A a5
FIF s B ke = 8B4 4L E] 19(d)  (e)] s $AEAL R K2 i
) RDS J& N, 4f & Wi B, PRIk s 52 1 % NH, 43 R
I 4 0 n=0.03 , R I& P A7 05 8% N o 4, NHL ¢ 3 3%
AN RE ) 72 U R ARG IRR | RO T &
0.88, k£, b 2 FEAIK , 2 W PR+ AT 3@ ik LA P A
MR AR P [ 4E E d) S HORE T (1) B RN N, 4 &
T BT A8 fiE 22 (E ) 5 (2) 42 3 N A (] 44 JI3 BT, B2 A1
HHE A SRR E R . BRI, R T
A3 g R B O L RE A RS & Ru—N B,
R ARG AL BB 5t ml 3l o E F Pk o T - IR S ST, A
TR e TR &, 20 RV AT
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E19 (a) Cu-Ru-AR AR CAR LS AL XS LEDGER ) S CT) 15 (b) G (6.4 W em™) 5 ¥R L (427 CH 14

TP, BIR BB (c) AR FNIREE T E (A, DY 3D B 5 (d) 2450 f 37 RUNAE TR 07 B RR 2 I 5 (o) A S Y6 ISR T 1Y
FHH T R I (he, RO

Fig.19 (a) Comparison of photocatalytic and thermocatalytic rates on Cu=Ru—AR [light-heat (upper) and heat (lower)]; (b) Reaction

order with respect to Py, in photocatalysis (6.4 W +cm™ white light) and thermocatalysis (427°C); (c) A 3D representation of E(A, I) for

different wavelengths; (d) Schematic energy diagram of the fundamental reaction steps in ammonia cracking; (e) Schematics of surface

coverage under heating versus light—irradiations (hv, light)!""”

T Ru—N # & A 2 IR 3 BR AT, Bl & B b it A7 1Y
PRBNBE RIS N, RS L Reth S B Z BRIk,
PRI T 2 R I 20 i B T AL R 22 Y O A,
T 1 9 b ML S Ru—N g, LU N, 45 4 i
B 3o 4 25 R ) i g 20 vl [ A X 3 1 A6 1) B 2E LA
Il Bh B 22 BR AR
Halas 25" 5 W 9k — %3145 il T Cu-Fe—ARs
fEALF], 7E 7.63 Weem™ IR (T, ~352°C) N, & 50 il
il 0 R 3K 0.466 mmol - g +s™ , TOF=1.7 s, R4 HAE
%ﬂ&fé%?ﬂ@?ﬂfnﬁﬁé’aj@ Cu—Ru-ARs 1% 1/200 ,{H
ST AL TS 1 5 Cu-Ru—ARs A1 24Kl 20(a)] Cu-—
Fe-ARs 7EVGHE N AL TG PR 1 KRR THE T DL T
Cu-Fe-ARs 9 E, B A% i B Lt Cu-Ru-ARs B K
[l 20(b)], 3 UF SZ# AL I T X Cu—Fe—ARs 14 5E 22
BRI TR . NH,7E Cu-Fe—AR fll Cu-Ru-AR |-

19 W B RE 43 1) R —1.81 Fl1-1.26 eV 3B AT, Cu-
Fe—ARs & T /) NH," fi# 25 NH,""+H"" 1Y) A X HE 22
M 1.20 eV [EZ 0.53 eV, HL7E s~6.4 A MA7AE LA
B =FEAM LN, MZ LS HE 2 1E Cu-Ru-ARs
90.95 eV, N, 4G MR R B i P sl A0 98, ik
AN, Cu-Fe-ARs [ 19 S N {4 2 T HEUR 255 L
WHAES, ZEiEN— R EEHAA W B ES, &
2 |n] 3] = H A EAS[E 20(e)]. BEET, N, 4G B0 B 1Y
Wk A BE &2 P& & 0.50 eV, i 7E Cu—Ru-AR H
0.65 eV,

Li S G R A0 AT A e b Ak T g < A
BTG, BV H T2k B R R A AR 0, o RS
PEAL A5, 0 NH, W B 5 20 . AE 1.8 Weem™YEHE
T, Ru/y-ALO, Z 50 it 5% Ak 535 51 84.8% , 7= A %
1.7 mol-g - h s ZEAH [ e 1H I B T (420°C) , #Atk
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K120 (a) PiFf ARs HEALT BOEAEIL S P LLRE; (b) ZWLBN J1 A0 E - ()RR Y RS, (R )G ALRE R £, 5
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Fig.20 (a) Comparison of photocatalysis and thermocatalysis for both ARs; (b) Macroscopic kinetics studies: (top) the reaction orders

of reactant, (bottom) the apparent activation barrier, E ; (¢) Schematic comparison of the energy landscape for photocatalysis (excited

states) and thermocatalysis (ground state)

T B HE AL RAL N 36.5% . Ruly—ALO, JGHVE AL Y
E (78.68 kJ-mol™) 2 (% T At 4k (103.97 kJ - mol ') ,
HOEHCT NH, 09 5 2 (a=0.67) I T #fiE Ak (o=
1.44) , 22 IR T 0 38 o 9/ 2 1w v ) AR R R AR
HENH, M 21(a)~(c)]o [EARER RS, 2 Xe kTR
VAT, S0 00 0 Ff R S0 LU N 77 e W ) ) A
KT 25100 s, Ui B H, B9 ff W A7 75 0 )5 4
[ 21(d)]; 7S R #2R5E T (NH/H R A0k |, #u
b B2 R 9% 5 (B=3.31) izt 1= F ot i £k (B=0.23)
[F&] 21(e)], T 256 F At Ak AT 2 fi H 40 A0 et 346 A7 a5
BG4, DETHHEEIE 2101278 , e iAo NH, 2>
fif 1) S RE SR (2.54 e VIR THEA (271 V), U HZ
Ru—H M 2 B8 22 BRI 2, PAAZR 7 7] M\ Ru %
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% Z NH, 5 Ru—H %, B 7% N—H 5 Ru—H ##,
PR E H A 25 Sk H IR, i/ 06 P 6 3 2, 28 il &0
K 21(g)]-

Sousa S5 H 4 & A WL L (MOF) AT A= 4
S R R 75 32 A0 ik o) ] AR AR A ik
S rp s B IR 4 B AR F , PRE BN 2 A T
TP 4 PR R T AR A3 BB 5 TR) R i b e 1 5
BEC W AR A S R o4 7] v 3R D BV b
F A . Sousa ZFMILL = Fh A 3 MOF (R iR £h 7Y
MOF-74 Bk mk £h ) ZIF-67 1 ZIF-L) M §i & , 75 N,
T 600 CHASEAT I EE AR ITRL (Co NPs) i ABREE 1)
1AL Co@C-MOF, 7£3.3 W-em IR T, Co@C—
ZIF-L /)3 B AT [ & JH i 2 29 250°C [ #l 22(a)],
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K21 (a) Ruiy=ALO, FOCHRAME LTI AL 7 S0 3 1 LA 5 (b) PRI NH AL R TR AL RE £, 56 NH F AL T AL g
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Fig.21

(a) Comparison of photothermal and thermal hydrogen production rates on Ru/y—ALO,; (b) Thermocatalytic NH, conversion

activation energy E,' photo—thermo—catalytic NH, conversion activation energy E "; (c) Dependence of hydrogen production rate on
NH./Ar partial pressure; (d) Mass spectrum of Ru/y—ALOQ, (Gas atmosphere: 100%NH,, GHSV=30 L-¢'-h™', 1.8 W:em™); (e) Effect of

NH./H, partial pressure on hydrogen production rate; (f) Schematic comparison of energy distributions for photo—thermo—catalysis and

thermal catalysis on Ru/y—AL0,; (g) Schematic diagram of hot carriers breaking the Ru—H" bond""!

Co@C-MOF-74 [H 5 5 1) Co 5 [66% (Ji 7 %7 ]
Al Hc /N Co NPs (3.8 nm+1.2 nm) J& B H 5% & 19
PDTC ¥ 14 1 1, 1EL K Co NPs (B2 45 1% P 5 i 7] 52
W[ 1 22(b)]; Co@C~ZIF-67 Al Co NPs K.~} i
(6.4 nm+2.7 nm) 7 28 A% 5t 5 (47.5% , fE 3 L 5
EERS) R AR LR UE MY P AR il A T, 0, ]
P2t B S 6 ([ AR |, BHL U FA AL ) , & 30
AR TR) L BE R B G IR Y Co@C-Z1F-67 5 4k 2R J2: [1]
PR 5~6 1%, SE R AU Az 20+ ) 2 5

T PR DG B, O B B R, AR AR LG R R
[P 22(c)]o 3 2o B A P 52 36 2 B, AT IO 2L
MG RNCRE R R B IR SN . (HAR SRR,
24 Ba /f K B FI i, Co@C~ZIF-67 7E 20 bar (1 bar=
0.1 MPa) #1450°C"F & WA A Al ik 8 mmol -g ' +h™,
WA S (2870 il il S5 2 it ) i Al S e
R B A TG VA IR R A BRI T OGS | T
P& T T A AE AT e Sk AR Y R N T AT
(& 22(d)].
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Fig.22

Three cobalt—-based MOF derivatives under 3.3 W - cm” illumination (a) Catalyst temperature and (b) Ammonia conversion rate

(WHSV=20000 ml-g™'+h™); (¢c) Ammonia conversion rate of Co@C—ZIF-67 under direct light (top) and indirect light (bottom);

(d) Ba—promoted Co@C-ZIF-67 ammonia synthesis activity
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FEL A Bt ' R 32 A0 A 22 T A G, T B A A AR 3R
HLIE BRI 40% , S AL S AL TG HL R 3R T+ 20%,
T Fe,0, 2 GHTT L ARG ) 1Y 20 M, AT
PRV EA B T AR, T 428 Fe AUAEAE S INHDGTE
o TEEREANE NI ZE 450°CHY , NH, JL-F- £ 54k,
MG NH, 15 AL 30T I8 2 50%~60% , BT Ak
e~ 81.7 kJ-mol ™', AL T2l i 4k, (176.5 kJ - mol ")
(& 23(d)]; DFT #5501 0, S HE T 56— 25 N—H 8t
ZUREZ2 ) 0.91 eV FEZ 0.73 eV ; NH, T [E /R g 5 1§
B4 (091 eV vs. —0.87 eV) ,{H NH N4 J5 ¢ v
R RE I 0 1A 5] ASH A NH, 20 F0, il ik
AEXT B A —-1.21 eV (BE ) FF 2 -0.90 eV, “#A J) 2
REEBIE IR N 1.95 eV (I ) B2 1.64 eV 3 2R
15 T 300°CHT, Fe,0,(11 1) 1 1Y “ #4124 RE R BIF 58
IR BER R N HE R (e AR RN L
SIS G IR TR 300°CE P 2 NH B4 ny 45 R — 30



5

-8
1214161820222426

www.hgxb.com.cn + 2385 -
300
(a) .l © 55 (135) '
2 15F TS,(0.73) (0.97)
5200 . TS (-0.61)
£ 150 Lof ‘NH e N hZ
b5 r B 4 2 b
g 100 _i_ 03 ¥\ 041 /\| H 6+IZ-I 3H2(g)
" > O T e/ |\ OIS L - . 007
2 ST % os) 019 3 N g % 015 B
0 10 20 30 40 50 60 S -0.56 v 3'H 6'H A‘ -
Time/min : o8 05 K \ ~0.98
-15}F pa— \
® 60 e 55% -1.55 — '} ~1.52
o\\oso_ VVVYVVVVVVVIYVVYY 720 L 71'86 +Al
g 450°C W\
240 35% 25| @€ . __/
z JUTOTSOUTINS-+ S ® @25°C -2.62 Fe @N OH
%30 - Y 25% =30 e
e T 2n N—H 34 N-H z(;)
;«20 r "' ._.lii/_o.“ +2NH dissociation  dissociation dlssomatlon Energy sink N—N coupling +3H,,
z10r
0 " 1 1 1
10 20 30 40 50 60 @
1656 Time/min
(c)
®  posp
L 1.00 S (0:83) L16 N
8 00 y ol N 30
2 60 (0.27) . 2(2)
s 0.75 - S(0.31) _I;T 6'H 0.74
e . "NH —_— :
g 40 0.50 - | NH 3'H ;3 0.58 X
o A “NH R N+3* /
Z 20 L 025 NH, A e st oo el /
2 : . - e
S Or 5oos 0.10 H - . 0.05 _/ 0.08
350 400 450 500 550 600 < 0251 : \ 016 l -0.27 -0.06 -0.07 +hy /~0.07
Temperature/°C : ) 1\-043 34 030N 028 _—
d -0.50 - ~046 \ S 042
( )A_ ) 060 +A " -056 +A
Wl S 7 ol -0.75F : 087 066 i
B . ‘mol- - N 03 ) S—
= i ~1.00 |- @ @300°C+light 091 08 090 7
T 4\ 1 15 ® @300°C, no light +hv N ®0
g \ X -1.25 | @ @25°C+ight Y ®
BRI 1765 1mol ol %ZSOC no light = Fe* @ Fe
é -6 \ \\ +2NH, Energy sink # Energy sink 2"NH, activation ~ N,
,\\;\ _7 [ I“ \\ +3H3lg)
k=1
@

(UTH(10°K ")

K123 A[E GHSV I KAk Fe@C LA BUG IR (a) AT AYIREAI(L) 208 A6 (BT GHSV 331 4000020000,
100001000 ml-g™+h™") ;(c) FMECH ) GOERZE) A1 T HEAFITERERS L 5 (d) SIS (ZE)FDEIRCDAME T HEALFIEY Arrhenius [ 5
(e) 2 AE Fe(110) 7 ifk (14 55 A1 ir B I 2K 5 (F) 28 AE Fe, O,(1 1 1) 1 40 ffk 1A 5 A S i iy 2
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Fig.24 (a) Schematic diagram of catalyst of KCC—1-NH,@C—-Ru-K; (b) Temperature curves of KCC—1-NH,@C-Ru—K(top) and
KCC-1-NH,~Ru@C-K(bottom) under irradiation; (c) Ammonia conversion rate of KCC—1-NH,~Ru@C-K under direct and indirect
light; Measurement of NH,—TPD in KCC—1-NH,-Ru@C-K samples using mass spectrometry under dark (black) and bright (red)
conditions: (d) H,(m/z=2) and (e) N,(m/z=28); (f) Transient photocurrent response at —0.3 V (vs. Ag/AgCl) under 400, 300, and
200 mW - cm™"!
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Fig.25 Theoretical calculations of ammonia decomposition on nickel single atoms: (a), (b) atomic structure of SA Co/Ce0,(111) and Ni
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(111) surfaces; (c) Energy distribution diagram for ammonia decomposition; Schematic of the novel solar heating device combined with

(d) SA Ni/CeO, and (e) SA Co/CeOQ,; (f) Temperature changes of SA Co/Ce0, in a novel solar heating device under different light

intensities and (g) hydrogen production rate from ammonia cracking
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concentrated irradiations(bottom); (¢) Arrhenius plots for H, evolution rate under dark(bottom) and light conditions(top) over Ru NPs/

GaN NWs/Si; (d) H, evolution rate over Ru NPs/GaN NWs/Si under light irradiation in different spectral ranges; (e) Operando DRIFT

spectra of ammonia decomposition over Ru NPs/GaN NWs/Si; (f) Image of outdoor test setup equipped with Ru/GaN NWs/Si;

(g) Activity of Ru NPs/GaN NWs for ammonia decomposition under concentrated natural sunlight without external heating (the inset is
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Fig.27

(a) Schematic diagram of solar—driven ammonia synthesis using K-Co,Mo,N; (b) The heat flux distribution g, on the projective

plane of the reactor surface; (¢) N,=TPD; (d) CO,~TPD profiles for various K modified Co,Mo,N catalyst; (e) DFT studies of the reaction
pathway based on K—Co,Mo,N""!
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