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Progress of hydrogen production by thermochemical Cu-Cl cycle
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Abstract: Recent progress of four-step thermochemical Cu-Cl cycle in proton exchange membrane ( PEM )
electrolysis , hydrolysis and electrolysis-hydrolysis integration is reviewed. The preparations of high selective PEMs and
electrode catalysts with low polarization and high activity are highlighted. The mechanism of direct & side hydrolysis

reactions , process design of electrolysis-hydrolysis integration and development of related equipment are also introduced.

Key words: hydrogen production; thermochemical cycle; Cu-Cl cycle; electrolysis; hydrolysis; electrolysis-

hydrolysis integration

PALZAIEER AR FIAZRE R PHAE \ TR EF 2
B R B LB ) T KK 1 3 A 43
JUBSE R, W35 AR T B2 A ATRLEE , v 1)) B AR
BATEEA, 207 R, BERE SORAR IR, TS Bl
B TREHEIL, T AR A R SR MU ] ) T 2 T
Jr T

1 ERRLZEREIR

HATEARE T 300 Z Rk 0g3e > fHgs K

%mfwﬁm&'& W2 48 22 19 418 P14 95 o -

LS =D PH3F JRA A (HyS) S i -5 (Cu-Cl)
TG

S—1 1 ¥ el 35 58 F R F R A ml &, S alidh
PRI, SR LT 3 M i, D80, +1, +
2H,0 ——2HI + H,S0, ( Bunsen JZ i ,27 ~ 1279C ) ;
@2HI —H, + 1, (127 ~727°C) ; ® H,80, —
H,0 +S0, +1/20,(847 ~927°C) ,

HyS R 2L E PR AR K, 8 THR-HIR G
TEIN, HLAR 2 24 i, (D2H,0 +S0, —H,S0, +
H, ( i )2 i, 80°C) ; @ H,80, ——H,0 + SO, +
1/20,( >850%C) ,

LA T O o] DL e, S -1 J HyS 91 #4347 58 2o
Oy PR IR A, T BN R TR S R A ), H
R SRER PR B T T % LS L B8 RO T 2 AR RS

i B HR:2015 - 05 -27;; f&[E H#7:2015 - 09 - 05

fe T MERE R T O H]
5 S-T.HyS 7F¥AH I, Cu ~Cl 1 3 J& T iR
(Frits e i 530°C) #-r IR SRR , 3% S A0 4
G R DU R =PRI, AR ISR 1~ 553
%%:2—3,5—7] 5
®1 E#H Cu-Cl{ER
HIR TR i J5 fe X JRE A
1 B 2Cu(s) +2HCl —— 430 ~475°C ,0. 1 MPa
2CuCl(aq) +H,(g)
2 g 2CuCl(s)——2CuCl(aq)——> 25 ~80°C,0.1 MPa
CuCl, (aq) +Cu(s)
3 T CuCl, (aq)——CuCl, (s)

<100%C,0. 1 MPa

4 ki 2CuClL(s) +H,0(g)— 400°C ,0. 1 MPa
Cu,0Cl, (s) +2HCl(g)
5 #m Cu0CL(s)— 500°C ,0. 1 MPa

2CuCl(1) +1/20, (g)

®2 MY Cu-Cl{ER

LB A S 7 AR SN A

1 Hift 2CuCl(aq) +2HCl— 80 ~100°C ,2. 4 MPa
H,(g) +2CuCl, (aq)

2 T CuCl, (aq)——CuCly () <100°C,0. 1 MPa

3 Jkfe 2CuClL(s) +H,0(g)— 340 ~400°C ,0.1 MPa
Cu,0CL, (s) +2HCI(g)

4 g Cur0ChL(s)—
2CuCl(1) +1/20,(g)

450 ~530°C,0. 1 MPa

YEB R AT TR (1985 — ), 55 AL, T RRN, BIF 5 77 o) SRy A48 43 BT B r e o) 20,0816 — 3620123 , howard 1985 @ 126. com,,



Y
*®3 =% Cu-Cl{E¥F
EHE HFK J 5 gt S A
1 i 2CuCl(aq) +2HCl — 80 ~100°C ,2. 4 MPa
H, (g) +2CuCl, (aq)
2 K  2CuCly(s) +Hy0(g)— 340 ~400°C ,0. 1 MPa
Cu,0Cl, (s) +2HCl(g)
3 g CupOCL (s)— 450 ~530°C,0. 1 MPa

2CuCl(1) +1/20, (g)

MR ~ 3 3 AlF H, DU 06 P08 A8 78 B A
P HEAT T8  AE VAR KA -5 1 i
S 2 A, R AT RIS R IR . R, a2
TP EA B AR B RE S 4 AT oK X T = TIOR3
FUAT B M AABOR RUBAR W SR BE i DRI 117 12
UTARBIF T IR

2 Mm% Cu-Cl ERARER

2.1 HBERM
A B 1 s

BHAR (+)

A CuCl(aq),HCl(aq) A : HCl(aq)

[ e.g.: CuCl(aq)+HCl(aq) ]

——CuCl,(aq)+H*(aq)+e H*(aq) + e = (1/2)H,(g) J

#ithi: CuClyaq),CuCl(aq), #iii: H,(g),HCl(aq)

HLAK, A T

FISBH1H

Jo L B Cu™ A RS
Cu* (aq) +nCl™ (aq) CuCLl ™" (aq)
Cu** (aq) +nCl™ (aq) CuCl*™ (aq)

Fp PRl TE B Cu —Cl i 59 7] 28 0 i1 38
IS, T AR B 30 D B 4 T i, A AR P rpg 3
MR RCR B TR,

) ] %5 5 ( cross over ) 4 Jifi 5% - 55 HCL ¥ JiE
G, FEZAE TP B B AC e A A . HET, R
SR AW 5 B T AT £ fLE L (PPE) AT
K, BN SE A2 U A Nafion® —based JERF %
SEE R FEME IR 0.7 V. 80C \RESRMET,
FE g R A Pt 285+ 0. 8 mg/cm2 1) Nafion® —based
24 h (NATFRIE 95% ~ 100% (7= %, N £ %
AR . 1£0.7 V. .80C &4 T, M) %2 PPE
PEREDL T HCIR)Z 51 Nafion® 332 PPE! -1

I [ FA] o [ R SE g S 2R i AR A A T T
AR RN 4 FR .,

AR A AR T & 32 BT X B , U ARTS &5t
FEHFR 5 S 15 S 3R it HCL 8l i v, I 1
S AN 170 A N R YT N = S o) =
T PeANfE ek PR P , B &k B Al ( CCE ) 1E 9 i
FEfE A PUC HIRRIEAC . CCE fi (k)2 iz A0
R SE L RE S be (PAPS) M A", Bl =4k 2 4L
Z5K . e SRR, S CuCl e 1731 0.5 mol/L
ff,CCE P 58 M i A #F 47 2% 1 Ak 3 A9 filk 2F 4 48

e (CFP) sk 77 B BE 7). CCE LT A sh 43 U T
ERE R L A TR B T4 & W A e 1 3
(AR R O ARR Y €L 25 Cu® AMRELTRT TR T PAPS([E 2) 3™
T4 BRFXHEBEEMHEREIL (BERESCTIINE, BESREZRBINE)

Nafion® 117 25°C ,2 mol/L HCI,20 h 0. 180 0. 086 0.18 48
)= Nafion 25°C ,2 mol/L HCI,20 h 0. 350 0. 083 5. 80 143
“Mit -1 ¥ 0. 003 — — —
GTI-CG2 G 0. 030 0. 0054 94 57
98 _Radel ,IEC2.0 G 0.054 0.038 3. 68 102
S—Radel ,IEC2. 0, 3¢k G 0.107 0. 053 4.77 111
S-Radel , IEC2. 5, 3¢ ¢ o 0. 100 0. 045 83.5 535
S—Radel,IEC2. 5,58t 25°C,3.3 mol/L HCl + 1M CuCl,,6 h 0. 109 0. 045 1.48 300
S-Radel , IEC2. 5, 3¢ B¢ 80°C ,10 mol/L HC1,2 h 0. 107 0.072 0.112 64

0= (8/R) xA,8 HIRIELE ,cm; R NBEHFH, Qs A KR AL, em®,
KV, RHEERAATR, em® ;A SRERTRR , em? 5 €, i CuCl, TE4HOM 5 A RN B LAWK, €, =05 C, N FA5F CuCl, FE it 5 V7 Ik 12 € g
CuCl, 7EH B0 = W SR AR YR . Mit-1 g 38 E S ARF AR BEIF & , MRHR B 7R . S-Radel N RPSA L

K=(IV/A4) xIn[ (C, = C)/(Cy = C) 7,1 JMEJERE , em,25°C F i



2015 F 11 B

—0—

—0—Si)

HN

3

K2 FF1t PAPS

2.2 KEBRK
PN B R R B TR 2A T 7K A s oy 25
mE 3" R,

= o
5l
&
Wt
B
E

T <
B R
i
.%i
B
£

TZHR
wg.. :
A
=T

H3 ZAMEIRFABRNEKE

7
CuCl, TE7K i 3 72 v ] B8 & 2E Rl 5O
mrEre,

A
, Jr e

2CuCl, (s) = 2CuCl(s) + CL(g)

4R R I B T 390°C B}, CuCl/Cu, OCL, 8 /R
FAs R 5% 1 R S R A T 22, AE K A
T SRR K ZR VAT, A Y Cu, OCL, 234k 2E 53 fif
AR w1

Cu,0ClL, (s) ==1/20,(g) +2CuCl(s)
B CuCl,0, J Cl, A4k, CuO 2 &l S 17 7 4
Z—o Naterer %" F5¢ T A [A H,0/Cu BE/R LT
FS ) R A IR SRR 56 2, B 4 BT

1.00

0.75¢
§ 3
& 0.50

LS|
0.25 >

4
c200 250 300 350 400 450
BEE/C BB/ C
(a) EE/R L 0. 4 (b)EE/RI 5.0
1—CuCl, ;2—Cu0CL, ;3—Cu0 ;4—CuCl
K4 H,0/Cu £ [&] B /R B R R4 K
£ A5 R Bk & (N, JiiE 250 mL/min)

M 4 ATLUE R H, 0/ Cu BE/R ELRYSE I,
Cu, OCL, WEAEL X 17 38 & 2% 1 T [, CuO 77 i i 3% |
T, H CuO 5 Cu,OCL, 2 [a] 52 B A4 L T A Y
KFo JCRIMITEFRM, Al Cu,0CL, Je HCL 3145 5
AR K FRIR A i (E i K ARV ORE S B

ARIRFEF A F-[BIHI SR 25

BERE ™ . IR, 5 TR R SR BEMI L, Cu,0CL, 7E
FIKFEVAFTEM & AE PR R T, LR 2
ANEEIE AT LU BRI P e H,0/Cu JBE JK L3 A,
Cu, OCL, Az i Ht B 1 98/ B I 1A, 2[5 2 G, OC,
TEK 78 3R ok &8 1% 00 F & A o il R, CuO 5
Cu, OCL, Z [A]HH 2 A T AR i Ok R AR, K 7%
T S LT, BEE R R THET, Cu, OCL, BR 73
A B CuCl Ab, B A 1 1 CuO, i H,0/Cu FER L
B HE TN B B T, A A CuO 19 s 1o 3 38 o 4 3
SHf . Naterer %" [ fF 55 38 W, A2 i CuO i
AJe CuCl /] BE 5 UM & Ui 3 e CuCl & 48 R 1
AR

Aspen Plus & Jy 2 i+ 5 BoR, fE W B F, 24
H,0/Cu ) EEJR N 5.0 Bf, Cu,OCL, 7= AU K
30% , B3RS KT 95% Ky Cu,OCl, 723 H,0/Cu By
FEJR LA 51 17, I BE T5 51 380 ~ 390°C 77,
Cu, OCL, 1= 5 LA E45 57 )G , 3% ] B8 & K ]
Aspen Plus H3E AR I H AL L CuO FIZHEL,
2.3 BRR-KBRER

JK SR B AR GRS HCL 5 2R SRR H,0 JRA45 7%
VRYR BESSTE U HCL P AT 1 Ay v fige 52 0E 14 Jsoet
TR 5 78 VR BRI Hh A A RT E R 4 25 7K A S 0, o)
P EAT A AT SR ) P M) B A . WESE AR
B, LA S I e %002 AT I HCL 3k B N, PR 5 7E 6 ~
11 mol/L "> 72" [ F125 HCI ¥k i A & 4K Cu -Cl ¢
B Wi N5 £, 38 O B AR A A R0 ) Ak, 15 P A
BORAERFHERGE K o KA MR, 8 K O
SRR S A T Bk AS T (0 PRI o7 402
PR SEG 7 figp 5 %7 i 32 38 4 5 7E 350 ~ 400°C, 4
f Cu, OCL, 7738 A 8 B I g2 3 JOKZ8 17, iF
¥, 24 H,0/Cu WY EE /R LA 5.0 |, Cu, OCL, 7=
HAL Ry 30% , BARFF KT 95% 19 Cu,0Cl, 7735,
H,0/Cu fREE/R UK E) 17: 177 A fif 5 7K A
BRG], 24 H,0/ Cu BFEEIREE N 7: 1,
[ Fy HCL 500 B fie 22 HURBIA S 7. 4 mol/L2

MULE 50 Hrn] AT, 868 Bl HCL e 5 ik
#]6 ~ 11 mol/L, ¥ H,0/Cu BE/RILIE R T 1L F,
IS Cu, OCL, 7 FRARAR, o 125 35 B /K il S 25K
R B H i 5 AR S ) AR R B, Aghahosseini
S5 YA T RIS B T R A R I R
£ (intermediate heat recovery steam generator, HRSG )
WA B, R 1R S AT 1) HCT -H, 0 43 8 T 20 A Al
Swt, nE S R



- 26 - LA AL T

S5 wi-K@ERTENE

ZER T AT HCL -H, 0 R A 28708 Bkt
FE R A VAL 25 7K A B 7 %) HC1 -H, 0 ¥ EER
PEATHRAR , (o HLak B S A AR BT Wk B K, 43
(1) H,0 AL 3R 81K A 5 A6 PR A

3 me

IRy =|

FL A B K A S DU A5 Cu —Cl fIF 34 rp 42 11 77 Y
HEN . TEHLAR T T, HETC A R TE SGE 1S
Ji AR Cu” —Cu® " Bl R IR i F 4R
P IAE 25 1 S AR A I ) 75 T P BB 14 e 5 S
Tolk A 2t BA BRI, 5 ik — 4Tt

IK SR B S A S A% B SO 1A 2 Tl — A 4%
XA 27 B A 2R, i T I S )20, RS AL
ol 5 5L a5 B0 25 R AP 7 G 2 4b, W ik — 2P
TEo

IUAG PR 7K il AR RBE T 5 S8 AE ARG 2R S 4
RO B e ] Py R T 5 E U B Bk R (B
TEREE IR GG By BB, e — AL s [RI
A e A L L J5URE 2R R HCL BEJR 708 T
DL SE £ T2 B0 S 00 45 2R 1 R A T
TN

S 30k

[1] Orhan M F,Dincer I,Rosen M A. Efficiency comparison of various
design schemes for copper-chlorine ( Cu-Cl) hydrogen production
processes using Aspen Plus softwa [ J ]. Energy Conversion and
Managementy,2012,63.70 —71.

[2] Ferrandon M S,Lewis M A, Alvarez F et al. Hydrolysis of CuCl, in
the Cu-Cl thermochemical cycle for hydrogen production: Experi-
mental studies using a spray reactor with an ultrasonic atomizer
[J]. International Journal of Hydrogen Energy, 2010,5 (35):
1896 - 1897.

[3

[

Lewis M A, Masin J G, Patrick A, et al. Evaluation of alternative
thermochemical cycles,Part I :The methodology[ J]. International
Journal of Hydrogen Energy,2009,34(9) :4115 -4116.

[4

[

Naterer G F, Suppiah S, Stolberg L, et al. Clean hydrogen produc-
tion with the Cu-Cl cycle-progress of international consortium, | :
Experimental unit operations[ J]. International Journal of Hydrogen
Energy,2011,36(24) :1572 - 1573.

[5] Orhan M F,Dincer I, Naterer G F,et al. Coupling of copper-chlo-

FISBH1H

ride hybrid thermochemical water splitting cycle with a desalination
plant for hydrogen production from nuclear energy| J ] . International
Journal of Hydrogen Energy,2010,35(4) ;1565 - 1567.

[6] Wang Z L,Naterer G F,Gabriel K. Multiphase reactor scale-up for
Cu-Cl thermochemical hydrogen production[ J]. International Jour-
nal of Hydrogen Energy,2008,33(23) :6936 —6938.

[7] Naterer G F,Suppiah S, Stolberg L, et al. Progress of international
hydrogen production network for the thermochemical Cu-Cl cycle
[J]. International Journal of Hydrogen Energy, 2013,38 (2):
741 -743.

[8] Wang Z L,Naterer G F,Gabriel K, et al. New Cu-Cl thermochemi-
cal cycle for hydrogen production with reduced excess steam re-
quirements [ J ]. International Journal of Green Energy, 2009, 6
(6):616 -626.

[9] Ozbilen A,Dincer I,Rosen M A. Environmental impact assessment
of nuclear assisted hydrogen production via Cu-Cl thermochemical
cycles[ J]. Sustainable Cities and Society,2013,7:16 —24.

[10] Naterer G F,Suppiah S, Stolberg L, et al. Canada’ s program on nu-
clear hydrogen production and the thermochemical Cu-Cl cycle
[J]. International Journal of Hydrogen Energy,2010,35 (20):
10905 —10907.

[11] Daggupati V N, Naterer G F,Gabriel K S, et al. Effects of atomiza-
tion conditions and flow rates on spray drying for cupric chloride
particle formation [ J ]. International Journal of Hydrogen Energy,
2011,36(17) :11353 —11359.

[12] Slowikowski M, Naterer G F, Daggupati V. Experimental cupric
chloride drying studies of spray atomization[ C]. In;3nd interna-
tional conference on  hydrogen production, Thessaloniki,
Greece ,2011.

[13] Lewis M,Masin J, Vilim R, et al. Development of the low tempera-
ture Cu-Cl thermochemical cycle[ C]. In: International congress on
advances in nuclear power plants,Seoul , Korea,2005.

[14] Schatz R,Kim S Y,Khurana S, et al. High Efficiency CuCl electro-
lyzer for Cu-Cl thermochemical cycle[ J]. ECS Transactions,2013,
50(49) :153 - 157.

[15] Naterer G F,Suppiah S, Lewis M, et al. Recent Canadian advances
in nuclear-based hydrogen production and the thermochemical Cu-
Cl cycle[ J]. International Journal of Hydrogen Energy,2009,34
(7):2915 - 1917.

[16] Ferrandon M S, Lewis M A, Tatterson D F et al. Investigation of the
key step of hydrolysing CuCl, to Cu, OCl, and HCI using a spray
reactor [ J ]. International Journal of Hydrogen Energy, 2010, 35
(3):992 -994.

[17] Wang Z L,Naterer G F,Gabriel K S, et al. Comparison of different
copper-chlorine thermochemical cycles for hydrogen production
[J]. International Journal of Hydrogen Energy, 2009, 34 (8):
3270 -3271.

[18] Lewis M A, Ferrandon M S, Tatterson D F et al. Evaluation of alter-
native thermochemical cycles-Part Il further development of the
Cu-Cl cycle[ J]. International Journal of Hydrogen Energy,2009,
34(9) :4137 -4139.

(F#% 28 W)



- 28 - LA AL T

IR LS T BT AL R AW B B B 4k
GUERIE I A AL I R AR A W R K, S T B
VEFAIL AR 2 SIS AR . B AR S BURE
Wy 75 TMIP fgE 5 & R A THES
TMIP [ D g sk Z [ A A BAEF ), X Se /e )
— AL TR P S5 Ao o 4 35 A 22 () T L
HEARE AR, BN B 4 11 ST Cu® " Pb7T S5 A
P MIPY ) AW I R (4R B 115 ThBE B Ak
TERC A P 28, AN © RS 4 11 N -(4- 20
H)FEFILZ Y NN - (4-238) K2
T (EVBEDA) " SR et MIP) S A (A HL
S EEBEWZE AN AER- 7, Bl s
i kA EE " AR R IR s
MIP) K AEFH (I 2 ol gt 7K i 1 22 ) £ i 7K A
FREsEAE—&, il oF 5 il & 2 BB ENE R A
Wty o kAR D P E IR OPE MIP RE TS
IR SR 7, R T BN R AR A0 o

TMIP (4 Fft 2% 6 45 P4 45 750 1K A0 2 Fh 2k
FILT 2 R 6 R i TMIP 7 e MK I 5 9 A 3L
(LCST) BT &k A RBUAR A . A T 340 B A
SRTERE, WP 2 FRR Y IREE R T LCST, TMIP 3%
[T f) PNIPAM § S BUSE K VE, B BHABUR AR R K, 5
N B R G4 T =2 6] 2 8] BE B9k, 1R Ak
SEA BRI, T B4R 23 T I 7% T TMIP; 24 3F
R T LCST, TMIP 3 1f ) PNIPAM 4% £ 305
KM, B BHRRUR A UAE B RE PR SR AR 43T
Z AR B 4 e, B AR e i, T AR 2 1 5
TMIP A5 5. [RIPE, SR AN & 3 pros, 2R
T LCST, TMIP [ BHARUE AR K, 3 808 707 i
7% 5 MBI T LCST, TMIP [ BRI 4 , = B
W5 TMIP 454, I, £ TR R AW+
T SRS e 3 A I B oA ) R LA S AR
ST 2Z 1B BAR AR T g, AT AT B4 2 D 38 255 9 A5
W+ Z B L& I mas G,

R

FISBH1H

B2 HEREHRLTHETER

15

T<LCST
T>LCST

B3 HEAERRLTHETER

2 BEMES FHTRESWHGIETIE

2.1 FaEE%

P2 2 s SURR AN B AR o 5 D e S A
AT A R S A R, R A A T
WA ST TR, BAR 43+ 2= DA A B 9 Oy X5
PEAZE IR, Xu 26150 1 T2 2 M A MR 2 1 R
T HImERE (SMZ) i UL A NIPAM Dy fig 514K AAm
VS AAAE — W BRI R 500 v BT 2 3 T 0, AR 5 4
ST I HGR 5 | A0 S8 Ja I T 2 v v, gk
TTRE R % TGV et SMZ 43 F ERl R A
Y. BTN 0.02 g [1)i% TMIP X SMZ {1y W [} i
AR 73 51 2 0. 069 8.0.063 5 mg, [bAE 73+ E
5 0. 03 ~0.04 mg, 17 H. TMIP X} SMZ 7 25 .35,
45°CF W B 5314 3.09 3.5 (1. 7 mg/ g AABL T
UF IR AIOE o R T IZE 2 vk ) 5 1 R IR 40 B
IEREE AR R G T , - ELE W B o e rp 2 SRR A
R A PR A 1 TR A, H R A IR G

(E#% 26 )

[19] Naterer G F, Suppiah S, Stolberg L, et al. Clean hydrogen
production with the Cu-Cl cycle-Progress of international consorti-
um, [I ;Simulations , thermochemical data and materials[ J . Inter-
national Journal of Hydrogen Energy, 2011, 36 (24 ). 15495 -
15496.

[20] Lvov S,Schatz R,Kim S Y et al. Hydrogen production via electroly-
sis in Cu-Cl thermochemical cycle[ J]. The Electrochemical Socie-
ty,2012, Abstract MA2012-02 1816 ( copyright material ).

[21] Balashov V N, Schatz R, Chalkova E, et al. Cu-Cl electrolysis for

hydrogen production in the Cu-Cl thermochemical cycle[ J]. The
Electrochemical Society,2011,158(3) ;73 -75.

[22] Aghahosseini S, Dincer I, Naterer G F. Process integration of hydrol-
ysis and electrolysis processes in the Cu-Cl cycle of hydrogen pro-
duction[ J]. International Journal of Hydrogen Energy, 2013, 38
(23):9633 —9643.

[23] Lewis M A. Cu-Cl cycle R&D-recent research for the hydrolysis re-
action sensitivity studies[ C]. In; Canadian workshop on hydrogen
production from non-fossil sources, University of Ontario Institute of

Technology , Canada,2007.





