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F(FE)YMGVLIGENE. (b= sl pH A & 2
M, Lig Vw2, fEpH = 0f1%% 1+ ~, LARR
FIE BN IE IR, T/EpH = 750124 F NGVL,
{HFE{Y }46.2%. Schréder®'#E£1 mol L' NaOH
(0.5 mol L™ LAY 8L T 21%IMFE, LE N
GVL. Holewinski%§!" e s iOpH T, 35 2wl
FEMIPHES TR ¥, 76—-1.90 V vs. RHE 50°C% M Tt
LABAY N4-$2FE IR BR (HVA), Hit— 5 gk AGVL, 52
T 65%HIFE.

G TETIE % F T, GVLEIEFEE# JLFE N
100%, 1B RHTE SN (HER) K K AR E] T 5N )
FE. 9 7 #HIHER, &4 4 B 36 43 44K I PbS
PE R, 70 HLATH NN B T E N SRR
PRI (ZME+1-T J-3-FA Lk DU G R £6), FF it 5
MNEEEK(1.8 wt%)E NS, A &0k % THERM K
7, S FEIR E A79%.

P AL FI7E LARRHI 4 G VL H AN i 3 1 3
PR T o 52 7 400 PR e S P R Y DA % e HER i v 2
SR, P FH i ok 1 A58 XU, L L4 v 9 s B LT
(—1.90 V vs. RHE)" a5 e kb . ik, JF 5 3wk,
IR AR B A OGS mE + 2 LB A B AR M, Fe
HEALFITEBME 21 F S GVLIE A 31100%”, R
EHFELUNZI19%, (HIEXTLARIRE 7R R T 7%
TERIEAAL A

N T R TE I AR L R, B &
IS 40 PRIV B S A HE R S DS B S . 75 B BT 72 v,
FH &5 T 208 5 Bk AR S H R © )2 B T O,k
JEU 2 e AR R R i e, SEBE T B A IR SR
A2 2 THI X J5 7 47 W B AR A Bl B8 355 7 T 6 5% 3 R0 R
BH B8 7 2568 7T DAL 35 M HER S 82 19 %% 4, Gus e
ML TR R TR [ T BHES PR AR, e T kiR
T FROBE S -0 a5, AT S T AR R A A U T A
373, {EpHA 1LOK HfA T b 535 30 T HER, 42
BT AglEEFIF=COMFEIX 5195%+3%. HuZs!"t 5t
R Ik i FR A I RS R LA R RSB AR, R RAR N
CO,FINO’ IR #Uk E, RIS B R Pp AR, M &
£E*CORI*NH, Z K HE P E A, 1X C—NARIEE s B H A1
THARSE, W) THERARAE. T, BATEITR
b LA I IR T 45 A Bk b B AR 4R, 3R TF T LARRIY
Bex. RHRMN Big = e, EmE&4 T
(pH 14), T HE S LAFIBHE TR, Bhas 7 RN

W B0, A 2 THERK &AL, £-0.7 V vs. RHE
PURIE SR AL T, SEI T SR 87.45%MIFE. £ XKk
FELAMIEOL, FATFINT Bk AR, sahifiz 7
FEL W T P P AT DA R B SO B . st 52 5 it i v
B, ALEE— 4] THERPI R E, B4k T RS
SR EER, Nmfes TLAREESEZE. AT
PEASLARRTE TolAL A T 0471, BATEAT T
Bl FL AR AT T R AR I BRI, B TS
ST H OB (OER) 2[R HL 4t ey 1)k A AT 1o R G g
FER YR, BRI T a0 Tl AR ™ ik, A
2 WEEAL R N (EGOR) SLARRHE &, EROERME
NPHAR N, ZA AR R RS AE T R R
(180 mV), Mid i I IR A A R (FA), S5 T
FRINE SR, #— DRI T RERBESE. K
&, {EE HRRE b S T —300 mA em T HUR S E R
14200 hifFa € HUfiR, FEqy PRFFIEZ186%, FlEr(1FH
W B FEpA>80%. X — MBI T ML FITELAR
AL B U & GVL AR 1 Tl AR B 8 g, I F AL
AL AR TR T A RO AR S,

2 SRS
2.1 SEERFI SR

LIERIR(LA, 99.0%) y-LHNEE(GVL, >98%)F
FALHR(KCI, >99.5%) 6 H b fr T AL BHE I
FRATE]. AEMH(KOH, >95%)6 & i R A4k
BHHEARAR. WERE(SK) (Ni(NOj), 6H,0,
>98.0%) L EE(299.7%) il&R(H,SO4 95%~98%)F
ERRHCL, 36.0%~38.0%) H [E 254 Bk kA R A
FER. WURER(FF, >99.6%, JSD-Fe010)F1 ik 5
(NF)I [ o EVEA LA R R, Brf seie b8
ZETFK. AR A&l BT A,

2.2 A RE IR

T 9 FLARR HL Ak 220 £ 35 7E KOH Ha fif i 4
B W R T, 8RO AR IR TR A F
R AL : TAERE(DHT002A, FRIE). BRI CpHIE S
K % pHTH(S975-uMix, MEREEI-FER] 2, Hi 1)k i1
214, SEIGIIEHAY A b = AR RGHHT. I
B N TAE B SEIG A A ) 2. 7K. 0.5 mol L™ 7%
Ry I A TSR, JEE1 mol L™ KOHH#E-1.0 V
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vs. RHEZAF N HE47T30 minHIE J5 DL 22 BR 3 TH ALY
Ag/AgCIHLIR(HIAKCIE N2 L MR, IR ERAE %
B, [H B T35 ik (FAB-PK-75, Fumasep, it 2%1F)
VENE T2 H i, R AR 2 (LS V) 15 B 4
HE NS mV s, WRTER A-0.1~-1.6 V vs. RHE. fif
B HMEAL S N I TE H R AE R N T, Rs(GA RN FH)
BT AL S T A (Zahnar, 72 E) 4 A AL #BH TS
(EIS)H:ill &, 7E10°~0.1 HzMISRETEE KN, FIEH
5mV. FTE X T Ag/AgCI & A B ALE T PL T 512
B g N L S LR B % (RHE):

e = Exgngar + 0.059pH V+0.197 V (1)
AR H RS AR IFATIRsFME.

GVLIFETFHE AN

FE = ”CQVF X 100% ©)

Heon BB TH, X TGVL, n =2, FRERHET
$)996485 C mol™', cAHERPGVLIIIKE, Vg
FRBRARFR, QO AAE i 5 U0 a) it o ) P .

FE IS FL AR A b, £ FH P E AR AR R, B AR
BHAR SR AA b R R JEL 738 (55 1 mm); {3 FH GG 3h 22 (FR
J, LabT, )ik, h i AR 45 e A i (A R ik 47
Ak J5 39200 r/min.

2.3 RALFIRAE

P o T 24 (SEM, JSM7900F, JEOL Ltd.,
H AW RE S T S5 M. 765 KV /L T 3 3%
SEMEE. XHHERTHMN(XRD-6100, S5, HA), it
#%Cu Kad@ i, % B N40 kKVAI30 mA. R & E N
5° min”", $93H 7 F 940°~90°.

2.4 I HE

FEL A = P P A v AR i (HPLC, Bt
SPD-16, HZA)FERK, BiA K Ah- 0T WAL I#$(210 nm) A
Shim-pack Scepter C18-120FE(KE 150 mm, WiE
4.6 mm, POKIA/N3 pm). VHE A1 mL min~', A
30 °C, FENHH10%IEFIA (L5 F190%iEFIB (0.1%
WRFR VIO . A RHPLCII B A, B A 7 i ) FL
JUER100 pL, FM IR 7 R BE 221000 pl, 1 15pH
Z12FFE50°C R 30 min5 R GVLERE 5, R EIZEER.
SRIGIEN20 WLl 45 47 FRORE . AN [R) 3R B IX[A] P9 7D S
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YILAR = SiHVA M GVLIF LG i 26 W EST (4R
N FEALED.

3 ZR50ie
3.1 AR ELAX BN A

VA LA FEXT FLAE AL I &R B 520, 7EpH
142 F R HET T AR FIR LA 2 F 48R 22 (LS V)il
(Bl la). B HEALAFE, FrAWREE T BN
2N, RST (M RCEh AR S 45 T AE—100 40
—1000 mA cm 2HLF B RE R (1 B AR AT, 45 SR, B
EHELAWBE W I, MEAMLTEE LT, £
0.75 mol L™ ik B A%, 73 51°4—-0.373H1-0.756 V.
MERLARES T, M FEENHER, HEMKBA A
—0.415V (=100 mA cm™), <Mt THERKIE AL, 24
LAZ 5 N, HALARAL )it T HER S LARR AL [H]
TER I EE SR, HAL )RR AR IE 3 SR BHLARREE JINAA 201
HEAT,

T AR T AR S BCR (FE)MR (K 1b), 3
IR, FERELAWEE SN T, 7£-0.7 Vi3]
B KAH. 7E0.75 mol L', FEA46.36%, T 49 & 14
Z4 mol L7'AF, FE FFHZ87.45%. X FBATEMRIRSE T,
HER (54 = Sif7, SFHCEL R TREIRM, FEE
fi%; BEELAWES M, REBABH[ER, HIFRM
FIR PRI RCRSE =, HERE| N E/>, FEREZ 3.
X ULBILARRIISN 124 LLHER 18, LR AEKIKE
T, HER(GFF, RGTH EIEE LAV R it &
0 AL R IR LA J s B FF I HER & 4. 24
LAV 90.75 mol L™' I, HLALA % T-HERA T IEF,
X AT DU 2% H A2 (OCP) B () BT B iR (B 1c). Ha
PR FEE T B A 755 v FE BE PRI (IS 2a), AT FAEG
TIRBIFT R, MR 7 £E0.75 mol L™ I Hi AL IE 7%
T4

TEAEY) A I EGE FEH, N B R0 B
A FIT RS AT, A B THHIHER™ 'Y #id
FF & E AL (OCP) R (I 1d, KEIS2b), FMIKBIFEELA
LRGN, OCPIZWNIERS, XK B H MR NI T
HZMLA. RELAWMAUR S TN, i
7% [R5 BH S B A BAEF, PR 7 HLO B 4% i Al
TEHEMER e 4, MTHIHIHER. Ellef£/R TLAH
A GS R P OS], e, i Volmerid
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B 1 (MR E) ARILAKE FLARRIFILSV i Z(a), AFRIHAL T FIGVLINFE(b), OCP Fill{5 HEISE (c), OCP(d). (e) A [
W FLARR SHERKR & B, i LA A T H R B A% B, (3] 0 HER A A 2E. (F) 0.7 VIRAE T #Lf#2000 CEA
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Figure 1 (Color online) (a) LSV curves for LARR at different LA concentrations. (b) FE of GVL at different LA concentrations and potentials. (c)
EIS measured under OCP conditions. (d) OCP at different LA concentrations. (¢) Schematic diagram of LARR and HER at different concentrations,
where high LA concentrations favor its adsorption and mass transfer while inhibiting the occurrence of HER. (f) Product concentration and FE in the

catholyte after electrolyzing 2000 C at —0.7 V. (g) LC analysis of the products as the reaction proceeds. (h) Current density during 10 cycles at —0.7 V
and the FE at the end of each cycle.

e, ZRAE RN T AR B P S8 (H*); B, TR RILA S
HE A N ORI B2 LA PR R R BE 2 HILA

AR AL (KIS3a, b)HI TLARR, SERAEALTIAH
P AA S 2 IR AL 5 (BIS3c). e il i A 2 ok

S5 RN, JHFEH*, FRIE 2 (A7 PH el S B BAE A
PRIH,OfE - R TH 564+, /D HERBIR A, 4k,
FATESCVIR(ES1c) ML 2], M NYINE,
CVHHZR IR A AR IS, H* AR AR /N, 34— 2D AIE B
LAW o5 9 7 vl ik g b i sl it — S 5
H*ALARRAISEN,  FoA T3l SR A p AR e 7 48 7

TAR(EIS3d, o)A FE /R RL 2 (EIS3g), Wik s tbikfr
BV AL AR AP M A, SRR 2R,
FLLSVE/RLA (1 mol L™ R £ 18 j i iz 1
B (ES3h). R ZMA TSR T S HIE A A, 2
FEFAN AL R FIFE B AR T4 M A0 57) (RIS 3i), Ui it
Z BIH*E AL 5 AR T LARR Y.
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bEjE, FRATIEH-Cellh7E-0.7 V pH=141%MFT
HEAT 72000 CHHEMR(E 1), B &Y, 77
IR BE IZ W5 N %20.28 mol L™ (K1, g), RAGHEE R
RLEATFER B R R, EAKIH AT LAE 2421280%. FE
(e /N — J7 T2 B T S S A T AR RS T HERIF K
A, A J7H, RISAERESAT T IAT, S e e i
1o K g (PRI Sda) LA I B - BT 3 3 32k B R (0 T
A (EIS4b). KA I IE IR AR E MW SR I (] 1h),
£—0.7 V10 (KIE 100 h) KGRI, IR
B YRR TE~—0.23 A cm ™, FERZE1E~87%, & 1 1%
AR R A S A e PR S Tk A 7).

3.2 PHE T IR BEERT RV 35 5k 1 5 i

N T ARFEA R LA T8 (pH 14), 34118
HTKOHA R A% T pHAE, X0 T8 Mk R A7 7R
EWREEIK, BIUn7E4 mol L™ LA, KK ik F
~4 mol L™, FATHE—25% 5 T EpH 1451+ F, AFK
W XTLARRAIFI. HLSV 2 E2afhR, £ LA

WP, VETRNPEAN0.92 QF%%E0.84 Q, §3%
LSVHIZ IER. M4y & A LARY, A FE 530
Whn&E1.72M1.21 Q, XMEEMHFEEREET,
3.0 mol L™ VA 1) L IS,

FEXf R, K WE FIFESE &, 76-0.8 Vi
3.0mol L™' FE}40.28%, 2.0 mol L™ [IFE&
11.80% (EI2b). iX—IG AT LA 7 T ffRs: — 75
I, AMZUE 2% F 1 (OHP) /K EMHE TR E 5
ARIEBAF FIpH. 7= %A, OHPHIBHES
T RAMHIHER ) & A0, BERRT 3 0, ik PR
G TFGVLIAE R, HpHME G BELA ) 2 7
Tk, ERNEEN. B0, WE2cHR, BE
YEOHP T FIBH B8 7185 7 0 2 ) s o A, 1
9T SternE I, KIS TV EUE MRS, 4T
RIS R, RN R SR FEA R THI 1 L 34 0 0
(El2d-i), AT HAERFE Wb, mEsHMY§= g
WA BT LR TR R 36 25 1T e 78 S0 FEAR P b 7y 5 Fi
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Figure 2 (Color online) (a) LSV curves with varying K” concentrations. (b) FE at different K™ concentrations. (c) Schematic diagram of the effect of
cation concentration on the reaction process. (d) (i) Electrostatic potential map of the levulinate anion on the electron density surface, (ii) charge

distribution diagram, (iii) reaction mechanism.
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BE—25, WAV 7RS4 T ZBERER 2> 11
HLfuf 20 AT (1 2d-ih), 45 & HF A o A A 1k — 25
HEM 7 H S SALEE. I E2d-iii s, B, Ko TRk
H R BT Volmerid 2= A2H*, Bl )5 LB A BR AR E F
WA F N RIS AR AR R THZ AP IR R, T A
BRI CEEEEHO=CH, AR P Bm i futt, 6
B 51 L, IR i, n T Hes2 . T
LR CH T HoEH M, A5 A7 Fe®
A AR, Rk, CHIEET OB 258 5 W B 31 6 rL R 1)
R AR b SRR B ML T A 2 R BEC=O B IRk,
A R T AR JF R B AT, 5T B L,
O H b i s, T % W 5 H* L R O—HEE,
SERCER — UOINEUR B, R A R #2364k e 4 C
FRIF LM AT TS, (HYEFeft AR HTIE, CIsR 4
SRR E M, B S Fel BAE
FAUS2N k3 e A H R R T B C — HE 52 GO TR
N, SRAGFA-F2 IR IR &, I K AR T 5 G VL.

3.3 Rk LR ARG B B R RS

FRAIRTE B ST FRGE SR ) S R BIE T, Bk
T FL A T DAAT R v L AR N Y AR 2R R A i
A2 S R A Pk e L ST R B TRD, T AR Ak AR
R IWOREE, (EHE R B ROR Y. fELARRISRE
R, SN PR 5 G DR P RAT T R P kv e i
RIE RIS SN 26 T HIEFEE.  1BI3a0h i ik vl

a oo b,

SIS (8] 291000 s AF 6 ik i Fb R 7 A2 6 Jok ol b 97 B el
E) AR 4K H 28, L J3 30O B i B 3b T, AN [ 11 ik o e
BL(Py, P)FIASRI IR T80 (2,, 1) 343 £ 5 10 S5 (1)
SRR FRATIE I G A [7] ik s 18] TR AN 7] ik v R AT
FHIGVLIUFE (Kl3c, ES5a~e), & ILAEA[E bkt
44T, P=—0.3V, P,=—0.7 VISt #4533 T #¢ = (I FE,
SE P IR BV A & Rk b AL . TR LA
XA, 22 ks 1] 23 730 15 B R =0.25 s, ,=1.00 sHY,
SN HIFEILE]76.4%, H—0.7 V (46.3%)1H & HLfF A 12
& 130% (IS5, MEIbH R LAE H, —0.7 V2 E K H
W SR A AL, BE 85 ARSI LARRIF A 1 #E
W2 B 72 F AR SR THI ) SRR TR R AR 2R, BLEFOHPJZ (1)
K THE, REHWR T BUZ 4 BN IRIR 0 E AR e,
{EEE ] (8] P Stern J2 P RSS2 TG S IR 7R, TEVETH
FEUCRS =R KA H*, BUEHERIY 5. ik {3 F Bk vp
HLAR, HLAIM—0.7 VIRJE X AE A —0.3 V, HERFIBKZ) /)
B, FNKEOHPE F [ E B /0Am, X245
M EH A RE, A T AR E T SR AR LEOHP 2 /M1
TR TR B AR 23 7 D B AR A A A ) P A 3R T A%
i, FEH R R E T -0.7 v, #—P{E# T 4
T P R A A0 7 BIORT R B A1 b, ik b i ot el 57 A8 Ak
A RAME] THER, At 1RSI (I B AN LA RS
FE. Ub4h, KAEOHPJZ IBHZS 0 AT Je Hotd Bidz I i 4%
TERE— D3 s T B AR B IE R, 23532 TFE.
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Figure 3 (Color online) (a) Voltage and current density profiles over time during the pulsed electrolysis process. (b) Corresponding magnified view,
where P; and P, represent the different applied pulsed voltages, and ¢, and ¢, indicate the corresponding pulse durations. (¢) FE at different pulsed
voltages with pulse durations of 0.25 and 1 s. (d) Energy consumption under constant potential electrolysis at —0.7 V in 1 mol L™ solution, pulsed
electrolysis at —0.3 V for 0.25 s and —0.7 V for 1.00 s, and constant potential electrolysis at —0.7 V in 4 mol L™ solution.

263



BN Tl LU TN L P R F A i ) y- TR P

MR R IRERE. FATHE TAE &4 T AP GVLET 7%
HIREFE(E3d). 25 53R, Bk AR DI REFEN1.20 kWh
kg ™', LLIE EAT BLAER92.00 kWh kg™ #5448 T70.80 kWh
kg™, AT R B 51 F 91,05 kWh kg™' 24 ] FEAE 4%
i S AR AR T FUIF0. 1538 7T i, 5% F it v i
AF=1t GVLA LA AR 120360, eI T HAE
Tl A AE P2 i 7.

3.4
AL

T SEBLTM B B R ULARR, 75 2 5 S
FLIAL 25 B (I1—300 mA cm )HMIFE (>50%)".  AiTAh
TV I 7, FRATIAE S St e A x4k 71
BT TWEAC. st A R = i 4a s, 1
VRER BRI A 2.25 em®. AL OER = 24 g ik HL Ao,
BATHEGOREROER SLARRME A, REREMK T 4%,
NCSEELT R, PR FAIEIE HPLCH A (B

Tl i %5 M LARRAE A K ¥R 2%

S6). PFHARAE FINIOOH/NF#Ab 7, il 7S 3AN
SR AERY, 2 70 T DA S5 2 AT S B £ e
Kr(El4b, c, FS7a), #£1.4~1.8 VI E 1N, EGORIJFE
iEBI90% (KIST7b).

EAFLAKRE T, AT TLARRSEGORA
4+ HER5EGOR# & LA K& OER LSV i 2 (1&l4b). 45
R, B LAWREE 38 n, A8 R #THE K, X 5
P BH X LARR R B3] 1124 5%, 5NIOOH/NF/#
LIOERA B, 7E—200 mA cm ™ f1H B 3% FELAR
LARR S EGORAE & AR AE H FE1K£0.18 V(El4c).
— 35 % SRR HL A B LAWK FLARRIIFE (&
4d), FfFE N0 R38N, GVLIFER E 1E80% /2
£i: 7E-300 mA cm i, 1 mol L™ fUFE456.83%, 5H
R0 F i A B R E BR DR A% Jof 76 YL 3 H A R B 47 1f
BT, M1E4 mol L', FEF T 2£85.60%. FA1E
X FHAKEGORIMFERET T VFAh, RIURE Mk LA
1 NEGORWIFERS A FEAK, (HA4ERFE-0% (EISTc).

a b C).
( ) Anode Cathode ( ) 0.3 HER//OER ( ) s —— LARR/EGOR
NiOOH/NF FF — 011 HER/EGOR
EG A GVL NE . —— LARR//OER
S .0.2; Aaremv | =722
1 < = A=-0.18 V
2 -0.3 >
Iy = 2 £ 241
{= = Bl -0.44 >
o o i LARR/EGOR | =
g g & 0.5 Atmoil 8 55 1 mol L' LA j=-200 mA cm?
b~ Ie) 5 LA 2 mol L' e
3 2= O .06l ——LA3mol L
| \ E- ——LA 4 mol L'
| , 0.7 : : : . 2.8 : , r : :
FA T LA 35 30 25 -20 -15 -1.0 0 1 2 3 4 5 6
Gasket Cell voltage (V) Time (h)
(d (e)
100 2 100
[J1 [J2 W3 4 molL'LA . B
5 e ® o ° ° ° ° . L ° ° ° - ® ; 09
-
g 60 §
84 =
= LARR//EGOR ——Cell voltage {40 uw
8 s 4'mol L' LA j=-300 mA cm? e FE n
- -6 T T T 0
100 200 -300 -400 -500 0 50 100 150 200

Current density (mA cm?)

Time (h)

Bl 4 (MR El) (a) LARRS R SEBHR E AL (EGOR)FE & I S HI i 3 U IS R = I8, (b) TR BN HARRE H, A RILAVKE %
#F FLARR SEGOR#% . HER'SEGORLL K2 OERAE A IO AR 22 (LSV) I ZE; (c) 7E—200 mA cm L% % F, LARRY
OER % EGORH 5 [ [N Py FiL F I 1545 £ Hh 25 (d) SR HE IR P R BV 25 2% (FE); (e) MBI FL A 7E—300 mA cm ™ HLIf

% FE R 13147200 hill ik A8 e % R FE

Figure 4 (Color online) (a) Schematic diagram of the flow electrolyzer for the coupling of LARR with the electrooxidation of waste plastics
(EGOR). (b) LSV curves for the coupling of LARR and EGOR, HER and EGOR, and OER under different LA concentrations in the flow electrolyzer.
(c) Cell voltage profiles over time for the coupling of LARR with OER and EGOR at a current density of —200 mA em™. (d) FE of GVL at different
current densities. (e) Stability and FE of the flow electrolyzer over 200 h at a current density of —300 mA em™.
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Abstract: This study investigates the electrocatalytic reduction of levulinic acid (LA) to produce y-valerolactone
(GVL) under industrial current densities. Utilizing inexpensive and abundant iron as the catalyst, the process enhances
reactant adsorption and suppresses the hydrogen evolution reaction (HER) by increasing LA and cation concentrations
in alkaline conditions (pH 14). A Faradaic efficiency (FE) of 87.45% for GVL production was achieved at —=0.7 V vs.
RHE. To optimize the reduction efficiency at low LA concentrations, pulsed electrolysis was introduced, alternating
potentials to regulate the electrode surface microenvironment, increasing the FE to 76.4%. Furthermore, by coupling the
electrooxidation of waste plastics to produce formic acid, the oxygen evolution reaction was replaced, leading to reduced
cell voltage and energy consumption. Long-term stable electrolysis was demonstrated at an industrial current density of

—300 mA cm ~ in a flow cell, maintaining an FE of around 86% over 200 h. This work highlights the potential of iron
electrodes in the electrocatalytic reduction of LA to GVL, providing a robust technological approach for biomass
conversion.

Keywords: levulinic acid, y-valerolactone, electrocatalytic hydrogenation, biomass reduction, cathode-anode reaction
coupling
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