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Fabrication of Porous Phenolic Resins with High Photocatalytic H,O,
Generation via High Internal Phase Emulsion Method
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Abstract: Resorcinol-formaldehyde (RF) resin can photocatalytically generate hydrogen peroxide (H,O,) from pure water
and oxygen systems. However, RF resin is typically synthesized as smooth solid microspheres with a relatively small specific
surface area. Additionally, the commonly used approach of combining it with other catalysts to enhance its catalytic
performance is cumbersome and increases the cost. Herein, hierarchical porous RF-based resins with good photocatalytic
properties were synthesized by high internal phase emulsion (HIPE) template method using resorcinol (R), thiourea (T),
melamine (M) and formaldehyde (F) as monomers at 140 °C. The specific surface area of the RTMF and RTF resin reached
172.5 m?/g and 182.4 m?/g, respectively, when the volume fraction of the internal phase was 80%. The effects of
thiourea/melamine ratio, reaction temperature and the light source on the photocatalytic activity of the resins were
investigated. When nyi:nrwas 0:2 and nriv:np:ng was 2:8: 1, the synthesized RTF resin exhibited remarkable photocatalytic
performance with a high H,O, yield of 751 umol/(g-h) under the irradiation of 300 W Xe lamp and 295 umol/(g-h) under
visible light illumination, which was 3.6 times and 3.1 times those of RF resin, respectively, and also exceeded those of

RTF-h resin prepared by high-temperature hydrothermal method. As the reaction temperature increased to 180 °C, the
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photocatalytic H,O, generation rate of RTF-180 increased to 640 umol/(g-h) under visible light illumination. The systematical
experiments revealed that the quinone content in resins played an important role in photocatalytic production of H,O». In
addition, the mechanism studies proved that RTF resin could photocatalyze H,O, generation through both single-electron and
two-electron reduction pathways. This study introduces a simple, economical and feasible approach for the straightforward
and efficient synthesis of photocatalysts with enhanced catalytic performance, and the as-prepared modified RF resins show
potential application in the field of photocatalytic H,O, production.

Key words: high internal phase emulsion template; hierarchical porous structure; photocatalysis; resorcinol-

formaldehyde resin; hydrogen peroxide
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FEBE 100 WL S Ak 3] Ak 27 S0 2238 T 0 LI B0 (FTO) B 38 (1 emx 1 em) (19 S e 18, =5 38 F T4, #5148
HLA . YETEA 300 W iR AT (A= 420 nm), HLA# M 0.5 mol/L NaySO4 I -
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B T EAT RO, ®E 1B R 500 v/min. FREG YRR, GRS 1 h, RN R)E ARBHI R EIR, P
A% TMF TR 4, 3 DAAH AL A9 5 #2453 3] TF 1 MF B3R 97, MF TR P 7E 80 C T & . 2RJa, F W i
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1h, {28 8y 5 B EE 3 — 25 O, 45 81 RF SR Y. )5, B TMF fil RF SR Y 520 IR G 5P 1 h, 15 21
RTMF TRy, SRR H .
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R T 5 T B AR TE PR RS, o RTF FR Y (3 g) . 17K (12 g) FIZ K (2 mL) In ABEAR 1, i+
30 min i BRI RS B N S, 76 140 °C FRA 4 h, ARG AL B2 B9 I fiv 4 4 RTE-h, 4R IE (0
il 2 VE LR 1,
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Fig. 1 (a) Reaction mechanism of thiourea, melamine, and formaldehyde; (b) Reaction mechanism of resorcinol and formaldehydel;

(c) Fundamental structure of RTMF resin

# 1 WERY K RF/RMF/RTMF/RTF # i 1 i £ 21
Table 1 Preparation conditions of prepolymers and RF/RMF/RTMEF/RTF resins

MF/TMF/TF prepolymers" RF prepolymer RF/RMF/RTMF/RTF resins”
Sample
ny/mmol  nmy/mmol  my/mmol  np/mmol  ng/mmol  m(Toluene)/g  m(Deionized water)/g ~ Polymerization temperature/ C

RF — — — 17.6 35.2 12 — 140
RMF — 352 105.6 17.6 35.2 12 — 140
RTMF 17.6 17.6 105.6 17.6 35.2 12 — 140
RTF 352 — 105.6 17.6 35.2 12 — 140
RTF-180 352 — 105.6 17.6 35.2 12 — 180
RTF-h 352 — 105.6 17.6 352 — 12 140

1) 6 g H0, 15 mg NaOH; 2) 3 g Prepolymer, 2 mL NH3-H;0, 0.75 g Tween 20 (except RTF-h)

2 HR5iITE

2.1 RF EWENFIRRI
T8 3 A IR R, 5 T N AR R B0 N 60%. 70% Fi1 80% ) RTMF # S . 24 N AR FH 70 %
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HE— 2583 85% B, LM AR 2 AN 2, Teik i P il % polyHIPEs B ig . 4 Barrett-Emmett-Teller( BET) i
IS, B N AR R B3 B0 60% 3 i %) 70%. 80%, RTMEF i I Y bt 26 1 FH A 111.4 m?/g 54 m %) 166.2.
172.5 m¥/g, HOGMEALIE PEARZ W 0 o Rk, 1648 AR R B B0k 80% 11 ZFLA IR (3% 1 Bk RTF-h SR AYAE
i) AT IR ST . WERANFIRE AR BT S, 25 SR A 18] 2 s . BRAR (0 RF B4R (] 2(a) ) HAT polyHIPEs (£
FLEERE, B LR SE N 0.45 pme 48 (19 RMF 224 (] 2(b) ) AR 2% il 2 FL45 4, (B A 3| polyHIPEs
BT L, ] RE U FLBERL T S, B 41 RTMF B A: (18] 2(c, g) ) . 8 % RTF B4R H: (& 2(d))
FIRS 215,19 RTF-180 #3 K (1K1 2(e) ) B TROWIE 35 34 5 K/ INAS — 1 3% 38 A FLIR AR JIURE, P P kA2 4300 ok 31
36. 35 nm G KR4 i, Horh RTMF Wi 3R 10 H A W] 5 i) e 63 254, i 3 1 ~F- 34 )51 0.25 um; RTF-180
) i 2 1T EL AT B A % R AL, 33X AT B e PR A A AR 3Rl o A 348 i A R 3R A TR E 1 T v A 5 22 B IR o i B A T
FLEEH U, X1 F 3 RTF-180 ¥ REJE i polyHIPEs B ARM: MM Btk o 25 W AP 50 25 55 106 I — SR 45U . i i
(R TINALL B 3R A T B 0 T v 25 M RS R R T 300, DA T I 8 JHE L R A . 7KL LAY RTE-hiw A (1 2(6) )
T E AR, P RIAR R 83 nm A 4 K URL A BRI, LR AR B SR KT v PN A 2L TRORE AR 3 B AR
RTMF B 5 9 o 7 AR S AR R 1 0 2 e B 18 4 ] 2(g, h) IR, AT DL CL O N S JEEAE RTMF 4 Jlig o 4 Aii 24
A1, UEB T NL S JTTE MG A
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%2 (a) RF, (b) RMF, (c) RTMF, (d) RTF, (¢) RTF-180 # (f) RTF-h [) SEM M H-(d. e K/ F A HHIE M HORED) Fe# I8 B (4
AR ;s RTMF (9 (g) HL TR LA R (h) AHRERY S| O, N, C REIETTR MATE

Fig.2 SEM images and optical photographs (insets at top right) of (a) RF, (b) RMF, (c) RTMF, (d) RTF, (e) RTF-180 and (f) RTF-h (enlarged
images shown in the inset at bottom left of fig. d. e); (g) Electron image of RTMF and (h) the corresponding EDS elemental mappings
of S, 0, Nand C

2.2 RF EWIEHEHMRIE
RF LA IR Y FT-IR YG3E AN & 3(a) Fi7n o 3409 em™" FfFUT 9 3 5 04 hy [0] 8 — 193 b — OHL (1) {1 45 4ig oy i 116),
1650 e Ab fit W87 e s 1 Ja8 T R 0 56 1 Rl 455 AR S04 170 RTTF ) IS P R 28 10 W g g A o o, 5 HL T e LAY
TS BEHEIL = H0, PERE, 202 PR AT LS B R ARV 7, ad 78 24 H T R MR Ok 4 = YA o sl
1093 e ™! Ak (4 W W W VA1 & T Wi i C— N—C Hl C— O — C WA AR 3R 30, M Ab % A7 AE C=S (190 46 415 3h 0,
H R TWEE S, # C—N—C 5§ C—O0—C Wik shi A 55 . RMF Al RTMF RIARZLAM G 1562 em™!
F1 1343 em™' Ab 1Y 2 ARSI 3 iR e =R R C— N B 4 P sl AP I AR X 001, 812 emt Ak 14 W i i Jg
=GR TS 4R 0600, RTF-h BEAE 5 RTF WG &5 M AH [R), W i) 7 At JEACHHAF o FT-IR Stk 4 S 3R
BRI A B, B R AE7E D-A 590, RF JERHRR XRD EE (& 3(b)) R i A Mg e 22040
BT ST, KPR T A S5 Bk Y (002) fhH I, I IEROA N R AR D-A FROCZ BB 1 HEZ 0, 5 RF WIEAH L,
o AR L VR 725 1 % 1) FL A AR IS P AT S D A B8, UEBA N S TR M INB A, I fif D-A FIC n e S 4
5821, FRTF B JE 9075706 b RTF-h A% /1 2 58 5, D-A BT o HES 9, T95 /8 PN RH L R0 A v 1 45 1)

BELA T e e
RTF M IR ) XPS 4= (€] 4(a) ) W/RFFAE C, O, N FI S JLE, C, O, N, S J& FAYEEIR B4 M 75.6%.
16.9%. 6.1%. 1.4%. RTF MAEHIE PR O1s i (& 4(b) ) 4% 3 ANFAEE, ¥R T C=0(531.42eV), C—OH
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Fig. 3 (a) FT-IR spectra and (b) XRD patterns of RF, RMF, RTMF, RTF and RTF-h
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Fig. 4 (a)XPS survey spectrum of RTF and the corresponding high-resolution XPS spectra: (b) Ols, (c) N1s, and (d) S2p
(532.69 eV) Al C—O0—C(533.31 eV) ), [ REUEW] T W25 44 BT A4 171, I8 AR B 22k 2 e 1T g e o AL o 4 i
i

1 30.5%, Ktk , RTF H R %) #i Fk T fiE A1 EE IR 43 B2 0 5.2%. RTF 85 59 & 70 % Nis otk (& 4(c) ) 7E

400.17 eV AL RJIEXT I T —NH— o & 20 BFE00 S2p otk (181 4(d) ) 480G i 3 4~ LA 163.46. 164.62. 168.20 eV
Syt iU, 4359 & T S2p¥2. S2p'? Fil C— SO,— C MYFHIEIER?, C—SO,— C WTE B AT B J2& T4 dh P A AE

SR BT A7 1 e Sk S AL T S IR R AR RN, T C I ANZFE SRR R S BT ANDE L, AT Y
SRTC R B RS HE | 1055 IV 5 R E A B U R, BRI I T R RS S N O I AION L T B B T
ORR i F# HH X} Oy 1 W BfF, T2 T T #4819 ORR HEBERY, {H C—SO,— C A K 1] 521 ORR P AERS, [H ik
C—S0,—C &/ Dkl XPS 4344l Fut— A 0E B RTF WA B NI & i, HAFFEBRESA I N, S JHF,
A FI TR R AR 1t RE
ANTR) RF A BE A N S JCF USR5 S D e A1 BE R 73 30 I 3% 2. 7 140 C N A MW AE T, RTF B
G 19 S 14 0 5 T e 11 B8 R 2080 (5.2% ) Lt RF. RMF., RTMF B} i 1 B 542 5, I8 48 =5 T RTE-h B, Bis s N
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2 RIF RF FERI ST NS TTHR DR 1953 B R TR AR 40 4

Table 2 Mole fractions of N, S and quinone carbonyl in various RF-based resins

Mole fraction/%
Sample
N S Cc=0

RF - - 2.3
RMF 10.8 - 1.2
RTMF 24.6 1.0 2.0
RTF 6.1 1.4 52
RTF-180 3.9 1.0 7.4
RTF-h 8.6 1.2 4.6

HHFL IR AR S i 4 B B 8 S fie A vk R R T e MR K B il 45 OB B o RIS, RTF-180 A4 i 14 1R 114 B S 1y g
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Table 3 Textural parameters of various RF-based resins

Sample Surface area/(m*g ") Pore size/nm Pore volume/(cm®-g ')
RF 13.4 8.8 0.030
RMF 19.3 16.0 0.558
RTMF 172.5 17.0 0.882
RTF 182.4 15.0 1.111
RTF-180 237.1 14.0 0.898
RTF-h 7.1 4.6 0.012
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Fig. 5 (a) UV-Vis DRS spectra, (b) Tauc plots, and (c) PL spectra of RF-based resins
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Fig. 6 (a) Photocurrent responses, and (b) EIS Nyquist plots of RF-based resins
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Fig. 7 (a) UV-Vis absorption spectra of different concentrations of H,O, by iodometry; (b) Linear fitted standard curves based on the
concentration of H,0, corresponding to the absorption intensity at 350 nm



334 U ofe om 4 F ¥ R 385
1400 b

— @ _ 1400, RE _ 600, ©

T 1200f+=RF AT - ) T ) )

o0 +§"11\“A]\}/}F o0 1200 +§”11\“41\I/}F 2 500 1st 2nd / 3rd 4th

S |l o —— " =) - . )

i 1 000 N §¥£ " - i 1000 |~ RTF ’ g 400 run /| luna/ | Tun 1un"

> |+ - = « RTF-h = I |

T 800 T RTER S 800} = ‘

8 y S ” 2 300} /

g 600 . :% 600 | P g é

e 400 + 1 - g 400 + o e 200 t ”

o » - - o — o (=9 [ 9

O: 200 + . P O: 200} ~ —o O: 100 ¢ i

e ——t+ - . . - J / .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 0 2 4 6 8

t/h t/h t/h

8 7E(a) AT BOGHI () WAT T, ARG H0, BT RIZE A 2 2k (c)RTF RIfEGAEL T HO, RFRFR L
Fig. 8 Time-dependent photocatalytic H,O, production of different resins under (a) visible light and (b) Xe lamp; (c) Cycling test results of
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Table 4 Performance comparison of RF photocatalysts for H,O, production

Polymerization H,0, yield/

Photocatalyst Diameter/pum Surface area/(m”g™") Light source Reference
temperature/ °C (umol-g "h™")
RTF-180 180 0.035 237.1 300 W Xe lamp (1=420 nm) 640 This work
RF523 250 1 14.6 140.3 W/m® Xe lamp (2>420 nm) 51.7 [3]
RFm-180 180 . - 500 W Xe lamp (A=>400 nm) 218 [5]
RF-(COOH),-523 250 3.09 1.02 140.3 W/m® Xe lamp (£>420 nm) 66.7 [9]
MRFS-7 250 0.5 43.0 300 W Xe lamp (1=420 nm) 568.5 [32]
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Fig. 9 (a) Band structure of RF-based resins; (b) H,0O, yield of RF and RTF resins in different O, and N, atmospheres, 1 mmol/L AgNO;
solution, 0.1 mmol/L p-BQ solution, IPA (w=5%), and no light or no catalyst
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