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Ӎ̈́  - ₯ һ ἹӺ̾ᴀ˿у֙ ̾у֙ӝ џ ⁪ ᵷ

ᴛẓ ȋ ͟ ӓὐ̾ZnFe2O4/SBA-15у֙ӝ 19 ӓὐ  ZnFe2O4/SBA-15
у֙ӝ ZnFe2O4ѵ ꜞ Ἱ ̾ZnFe2O4₯ᴛ џ ᵎ ͮ ₯ὢ џӍ Ἱ

џу֙ ȋ

ӹ ᴬ ̾˵ Ợὑᴬџу֙ӝZnFe2O4@Cu-MOF +₯Ѵ ᵷ ̾ ȋ

̾ ZnFe2O4@Cu-MOF₯ Ἇ MO џу֙ ȋ Ἇ ⁮ ᵷџ ̾

ZnFe2O4@Cu-MOFџу֙ MOᴆּכᴛ ȋ

1 实验部分 

ӝ һӎᴬ ̾ZnFe2O4 ᵷ ѫ ς Cu-MOF ֵ ӹᴬ

ὑᴬџу֙ӝ ZnFe2O4@Cu-MOF. FT-IRȊXRDȊ SEMᵷ TG₯у֙ӝ Ȋ ᵷ ⁪

̾ ZnFe2O4@Cu-MOFџу֙ MO ȋ

1.1 催化剂的合成

ӓὐ ZnFe2O4@Cu-MOF ӝế̜һ ˻ Ѡ ֙ Ѭᴣ ȋ ͍ ӝ

Ὅ ϝ ȋ

1.1.1 XlDc0M2的合成

Ằ 20mḺ͂ ̕ 4mmol Zn CH3COO 2·2H2Oᵷ 6mmol Fe NO3 3·9H2O ̜ ς A Ằ
10mḺ͂ ̕ 9mmoḻ ̜ ς B ᴱ₿ ς B Ӻӑ ς A̕
30min. ₿ ᴬ ӑ 50mLᴆּכ ẑ ̱ Ѿ ̕ 180℃˼Ӻ 18h Ȋ Ȋם ӑ ảς

Ằ ̕500℃ 5h ӑ ZnFe2O4ảςȋ

1.1.2 As+KMD的合成

0.557g Cu NO3 2·3H2OȊ0.2555g ̱ ᴿᶍ ᵷ 0.4404gế˺ ̈́ ̕ ҂₿ 15mLײ  

Ȋ10mḺ ᵷ 5mL DMF Ӻѩӑ ̕ Ằ⁷ ˼ ȋ₿ ̕ ӑ כᴆּם

̕ ѩ ̕ 90℃˼Ѓ 24h җג ⁷ һ Ҳảς DMFᵷ ̱ Ằ 60℃ ם

ם̕ 10h ӑ Cu-MOF.
1.1.3 ZnFe2O4@Cu-MOF 的合成

ZnFe2O4@Cu-MOFὑᴬџу֙ӝ ₿ZnFe2O4ᵷCu-MOF 4Ű1
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џ ₵  BBZM-III 380 ~ 800nm 350W ̕Ấ′ ָ ṻט ȋ џу֙ӝ  FTO 
ω♩ω ω₯ Ag/AgCl ωᴀ ȋ0.2mol·L-1 Na2SO4 ω̜

֙‚ Ȋџ ᶞּכᵷMott-Schottky ȋ

1.4 光催化降解实验

Ằᴛ џ˼џу֙ MO ˻ Ѡ Ѭᴣ ӓὐу֙ӝ џу֙ ȋẰ ⁮

̕ ₿ 7mgу֙ӝһ Ằ 35mL ̜תּ 10mg/L MO ̕ +Ằ ̕ ֯ℓ Ί ӑᵎ -
ᵎר ȋџу֙ ᴆּכẰџ֙‚ᴆּכΎ BL-GHX-V ˻ Ύṻӓ Ѭᴣ ̕ ȋẰᴆּכ

̕ 10minᴉ ᶖ 5mL ᴱᴉ˻ ὕᴛ һџџּת UV-2600 ♣╗ Ύṻ Ѭ

ᴣ ẰMO ὠᵎ 464mὍ 10mg/L MO ᵎџּ̜ת A0 ⁪Ѵͻ ᶖ ᵎџּת At MO
η 1 Ҳ 20ȋ

η = ( )1 - At

A0
× 100% 1

Ἇ ⁮ ⁪Ằџу֙ᴆּ̕כ ̝ ω Ἇẗ + ₲ᴆּכ ȋһӎ ₯

BQ Ȋ̱ ͂ ẕ̂ EDTA-2Na Ȋ SN ᵷ ̇ IPA ω̜ Ἇ£O2
- Ȋh+Ȋe-ᵷ Ἇ Ἇ

£OH- ӝȋẰ ᴯ ᴆּכ Ε˼ ᴴџу֙ᴆּכς ̕Ӻѩ ̜תּ 1mmol/L ˾ᴯ

ӝ Ὀһ ế֑ᴱ Ằџ֙‚ᴆּכΎ̕ џу֙ᴆּכ Ӻѩ ӝӡᴱ MO ȋ

2 结果与讨论

һ FT-IRȊXRDȊSEMᵷ TGA₯у֙ӝ Ȋ ᵷ ⁪ ᴛ ὑᴬу֙ӝ

ZnFe2O4@Cu-MOF ӹᴬ ȋ џ һ ὑᴬу֙ӝ џᵎ ӶȊ  ᵷ һ

⁪Ѵ ꜞν ȋ ᴬ Ἇ ⁮ ⁪џу֙ς ̕ ̝ ₲џу֙ Ἇ

פ ȋ

2.1 催化剂的表征

2.1.1 结构和形态表征

ὕџ ₯ ZnFe2O4ȊCu-MOFᵷ ZnFe2O4@Cu-MOF ⁄ ẗ ̾ ᾊấ 2 a ȋ

ZnFe2O4 ὕџ Ằ 544cm-1Ὅ ░ ≢̈́ẑ ςν ̕ Fe-O η Ӿ 430cm-1Ὅ ░

ӆ ≢̈́ѫ ςν ̕ Zn-O η Ӿ 21 ȋCu-MOF ὕџ Ằ 1565 ~ 1680cm-1ὍҲ ̾ Ἇ̕ Ἇ

˾₯ η Ӿ░ Ằ 1370 ~ 1455cm-1ὍҲ ̾ Ἇ̕ Ἇ ₯ η Ӿ░ Ằ 725cm-1Ὅ ̾

νᴉΈ░ 480cm-1Ὅ ░ Cu-O η Ӿ░ 22 ȋ ќһ ế˺ ˿ ≢ Cu-O
̾ ᴬ Cu-MOF ӹӓὐȋ ̈́Cu-MOF ᵅ ℓ Ằὑᴬ ZnFe2O4@Cu-MOF

ὕ ấ˻ Cu-MOF ᵎ ░+˾ ȋ

Cu-MOFZnFe O @Cu-MOF2 4

ZnFe O @Cu-MOF2 4
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图 2 ZnFe2O4、Cu-MOF 和 ZnFe2O4@Cu-MOF 的 FT-IR 谱图（a）和 XRD 谱图（b）
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XRD ⁪ ӓὐџу֙ӝ ς ᾊấ 2 b ȋZnFe2O4 ấ̕Ằ 30.0°Ȋ35.4°Ȋ
42.9°Ȋ53.3°Ȋ56.7°ᵷ 62.4°Ὅ ₵░ һӎ₯ּ̈́כ Ω ZnFe2O4 220 311 400

422 511 ᵷ 440 JCPDS 89-1010 ͕ תּ ᾈ 15 ȋCu-MOF XRD ấ̕Ằ 2θ = 6.6°Ȋ
9.3°Ȋ11.5°Ȋ13.3°Ȋ14.5°Ȋ18.9°Ȋ20.1°Ȋ25.8°ᵷ 29.3°Ὅ ₵░ һӎ₯ּכ Cu-MOF 200 220 222

400 Ȋ420 440 442 731 ᵷ 751 CCDC 280092 23ȋ ̈́Cu-MOFẰὑᴬ ̕ ᵅ № Ằ

ZnFe2O4@Cu-MOF ấ̕ Cu-MOF ░+˾ ȋ

₯XlDc0M2ȊAs+KMDᵷXlDc0M2>As+KMD ȋͮấ 1ᴛΊ Ҳ XlDc0M2
̜4..lk♪ᴟ ֵ̒As+KMD ς̜ џ ѫ ς XlDc0M2>As+KMDὑᴬ

XlDc0M2 ế֑֒ Ằѫ ς As+KMD ȋ ̜џу֙ Ϩ ὠ ᵷ

ὠ у֙ᴆּכ ν ϝὑᴬ џу֙ ӑ ֬ȋᴯ As+KMDᵷXlDc0M2̦ ₔ

Ӎ̈́џ  ᵷ Ằ֯₲ς ̦ Ϊ ᴛ  ᵷ ὑᴬ ˵ ֬  ᵷ

Ӎ ͮ ֬ὑᴬ џу֙ ȋ

                                         a                                                         b                                                        c
图 3 ZnFe2O4（a）、Cu-MOF（b）和 ZnFe2O4@Cu-MOF（c）的扫描电镜图像
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图 4 Cu-MOF 的热重分析曲线

ấ4ᴛ Cu-MOF ˵ һ ᴇ Ằ 100 ℃̦ӡ ᶖ ͂ Ằ100 ~ 340 ℃
̦ ӝ ᴇᵷ һ ˺ ὧ ᴇ Ằ 342℃Ὅ ς‴Ѫһ

Ểἦ һ ȋ ᴛ Cu-MOFẰџу ᴆּכᴇ תּ ẠѾᴛΊ ⁪‎Ằ ᴛΊЃ

џу֙ᴆּכ Ӎ ѵ ᾈ ⁪ ȋ

2.1.2 光学和电化学表征

џ‚ᵷ ‚ ᶞѴу֙ ̝ ẕ ȋ̜̾ ˵ ̎ ֯₲ς ẰZnFe2O4@Cu-MOF
ὑᴬу֙ӝ̕ ֱᴯ כּ ₯ ZnFe2O4ȊCu-MOFᵷ ZnFe2O4@Cu-MOF џ‚ᵷџ ֙‚ ȋ

ὕ-ᴛ џ ᴆ₵џ һ ӓὐу֙ӝ џᵎ ấ 5 ȋᾊấ 5 a ZnFe2O4 ᵎ ꜞ ̜
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691nm Cu-MOFẰᴛ ᵷ ὕџ ẠѾế һᵎ ̎ ὑᴬᴱ ZnFe2O4@Cu-MOF₯џ ᵎ תּ

Ң μ₯ᴛ џᵎ Ạ ὠȋZnFe2O4ᵷCu-MOF ꜞ ᴛ Kubelka-Munk 2 Ѵ̕ h
Ѡ꞊ ν џ  Eg ꜞ A ꞊ 24ȋnᴉҔ̈́   ꜞ ᵷ ꜞ ֯₲

ς nШһӎ ̈́ 1/2 2 25-26 . ͮấ 5 b ᴛΊ Ҳ ZnFe2O4ᵷ Cu-MOF EgШһӎ̜ 2.04eVᵷ 2.76eV.
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图 5 ZnFe2O4、Cu-MOF 和 ZnFe2O4@Cu-MOF 的紫外-可见光漫反射光谱（a），ZnFe2O4和 Cu-MOF 的带隙（b）

- Ἇ ⁪ZnFe2O4ᵷCu-MOF ꜞ ȋᾊấ 6 ZnFe2O4ᵷCu-MOF
ế̜ Ш ̎ nỢ֯₲ςȋͮ - Ἇ бҼ ᴛΊ ⁪ ZnFe2O4 ECBᵷCu-MOF

LUMO һӎ̜-0.53eVᵷ-0.85eV vs. NHE . 3 Ҳ ZnFe2O4 EVBᵷ Cu-MOF ᵷHOMO
һӎ̜1.51eVᵷ1.91eV vs. NHE 24 . 
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图 6 ZnFe2O4和 Cu-MOF 的莫特-肖特基曲线

̜̾ ˵ ὑᴬџу֙ӝ ẕפ Ӎ ֙‚ џ EIS ᵷ џ ᶞּכ

һ ᴬ ZnFe2O4ȊCu-MOFᵷZnFe2O4@Cu-MOF̕џ   һ ᵷ ȋ

ấ7 a ̾ᴪ у֙ӝ EIS ȋΣ ᵧ Nyquist ֯̕ẩ֯ ℓ џу֙ӝ

ℓ 27ȋZnFe2O4@Cu-MOF Nyquist֯ ℓ̈́ZnFe2O4ᵷCu-MOF ֯ ZnFe2O4@Cu-MOF
˻ Ϊ ȋ ẰZnFe2O4ᵷCu-MOF̦ Ӎ̈́ὑᴬ

ξ ͮ Ἱ ̾џу֙ ȋ

ấ 7 b
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̕ ZnFe2O4@Cu-MOF Ҳ џ ᶞּכ ֵ̈́ ZnFe2O4ᵷ Cu-MOF. ZnFe2O4
ᵷ Cu-MOF ὑᴬ ϝ у֙ӝ̕ һ ᵷ ӑ Ḧ џ Ἱ ȋ
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图 7 ZnFe2O4、Cu-MOF 和 ZnFe2O4@Cu-MOF 的电化学阻抗谱（a）和光电流响应谱（b）

ὕᴛ ᴆ₵џ Ȋ ֙‚ џ ᵷ џ ᶞּכ⁮ ế ZnFe2O4ᵷ Cu-MOF ӹὑ

ᴬ˾ͧ ≠̾у֙ӝ₯ᴛ џ ᵎ Ạ ̃ ̾џ   һ Ȋ ᵷӍ ȋẕ

ZnFe2O4@Cu-MOFὑᴬу֙ӝ џу֙ ӑ ֬ȋ

2.2 光催化性能评价

₿˾ᴯџу֙ӝ MO ₯ ᾊấ 8 a ȋẰ 120minѾ ZnFe2O4ᵷCu-MOF₯MO
һӎ ӑ 30.36%ᵷ 58.72%. Ằ ᴯ Ε˼ ZnFe2O4@Cu-MOF₯MO џу֙ ᴛ ӑ

78.68% һӎ ֵ˵ZnFe2O4ᵷCu-MOF 2.59Еᵷ 1.34Еȋ ̈́ZnFe2O4@Cu-MOFὑᴬ
ὠ̈́ ZnFe2O4ᵷCu-MOF ̎ ὑᴬἹӺ̾ᴆּכ ν Ϸ ̾ᴆּכ ᵎ ᴃ͕ ȋ

ὕ ̎ ὑᴬ Ϸ ̾џ   һ ᵷ ̾ᴛ џ Ӎ Ӎ̈́џу֙ Ἱ ȋ

ᵷ̦ӡ ˵ ȋ⁮ Ằ џу֙ӝ ҕ˼ Ằᴛ џ ₵˼ MOҦ̩˾Φ ȋ

ὗ ϝ ZnFe2O4@Cu-MOF MOџ ᴆּכ ⁮ᴬ ὑᴬџу֙ӝ ⁪ ȋͮấ

8 b ̕ᴛΊ Ҳ Ằ ᴯ Ε˼ ̾ẑ ὑџу֙ ᴱ ZnFe2O4@Cu-MOF₯MO џу֙

ͧ˼ ̾ 3.70% ξȋ ᴬ ὑᴬџу֙ӝѵ ᾈ џу֙ ⁪ ᵷ ⁪

ᴛΊ ὑϝ ˿ ˵ ȋ
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图 8 ZnFe2O4、Cu-MOF 和 ZnFe2O4@Cu-MOF 对 MO 的光催化降解效率（a）和 ZnFe2O4@Cu-MOF 的循环性能测试（b）

џ ᵷџу֙ Ζ ếᴛΊ ⁮ ZnFe2O4ᵷCu-MOF ὑᴬἹӺ̾у֙ ν

ὠ̾ ₯ᴛ џ ᶞּכ Ạ ӓ̾   ὑᴬ ̾   һ ᵷ ẕ џ
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у֙ ӑ ֬ ̃ὑᴬ ѵ ὑϝ ΖШȋ

2.3 机理探索

̜̾ ZnFe2O4@Cu-MOFџу֙ MO ᴆּכ Ἇ ⁮ ⁪џу֙ς ̕ ̝

ᾊấ 9 ȋBQ ӺѩϝMO ξӑ 32.0% ӓ̾MO £O2
-

Ằ џу֙ᴆּ̕כ ω ̝ ȋ Ằᴆּכς ̕ӺѩEDTA-2Na џу֙ ᴆ̵ּכᴊӑ

ӓ MO ˼ ӑ 50.3% h+̵ᴀ˿̾ ȋ ᴆּכς ̕Ӻѩ SN MO ͧ˼

ӑ̾ 69.30% ˿ ᴆּכ № e-̵ᴀ˿̾ ᴆּכȋӺѩ IPAᴱ MO Ἇ ˾ᴋ

ᴛΊ ς ̕˾‎Ằ£OH-. ẕ ẰZnFe2O4@Cu-MOFџу֙ MO ᴆּכ ̕£O2
-ᵷh+ ̝
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图 9 ZnFe2O4@Cu-MOF 光催化降解 MO 的自由基猝灭实验

ZnFe2O4ᵷ Cu-MOF ꜞ Ίᴃ ν ᴬ ⁮ ᴛΊ Ҳ

ZnFe2O4@Cu-MOFὑᴬ џу֙ MOᴛ ᴆּכ ȋᾊấ 10 Ằᴛ џ ₵˼ ZnFe2O4ᵷ

Cu-MOFһӎ͕ e-ᵷ h+. Cu-MOF LUMO ZnFe2O4 ECB ξ Ằ νⱡ Ӿ˼ e-ͮCu-MOF
LUMO ӑZnFe2O4 ECB Cu-MOF HOMO ZnFe2O4 EVB h+Ằ νⱡ Ӿ˼ͮCu-MOF

HOMO ӑZnFe2O4 EVB ₲ e-ᵷh+һӎ ẰZnFe2O4 ᄊ᯶үʾࣀႃͯښ -

Ԁ
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ᴀ˿ ᴆּכ ₿MOһ CO2ᵷH2O ℓһ ȋ

3 结论
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Preparation and Photocatalytic Performance of ZnFe2O4@Cu-MOF 
LI Cui-lin，BAI Gao-feng，MA Run-jie，ZENG Mei-mei，HE Qian，WANG Hua，LI Xing

College of Chemical Engineering Lanzhou University of Arts and Sciences Lanzhou Gansu 730000 China

Abstract Gl rfgq n_ncp _ lmtcj amknmqgrc nfmrma_r_jwqr XlDc0M2>As+KMD u_q qwlrfcqgxcb, Rfc qrpsarspc
kmpnfmjmew _lb rfcpk_j qr_`gjgrw md rfc a_r_jwqr ucpc af_p_arcpgxcb `w DR+GP VPB QCK _lb RE, Rfc nfmrma_r_jwrga

bcep_b_rgml ncpdmpk_lac md rfc amknmqgrc XlDc0M2>As+KMD dmp mpe_lga bwc kcrfwj mp_lec u_q qrsbgcb, Rfc nmqqg`jc

kcaf_lgqk md nfmrma_r_jwrga pc_argml u_q gltcqrge_rcb ml rfc `_qgq md nfmrmcjcarpga af_p_arcpgx_rgml pcqsjrq _lb dpcc

p_bga_j `spqr cvncpgkclrq, Rfc pcqsjrq qfmucb rf_r _drcp /0. kgl md qgksj_rcb qsljgefr gpp_bg_rgml rfc bcep_b_rgml

p_rc md /. ke-J kcrfwj mp_lec _oscmsq qmjsrgml `w amknmqgrc nfmrma_r_jwqr XlDc0M2>As+KMD pc_afcb 56,46#

ufgaf u_q 0,37 rgkcq _lb /,12 rgkcq rf_r md qglejc XlDc0M2 _lb As+KMD pcqncargtcjw, ?drcp dmsp cvncpgkclr_j

awajcq rfc nfmrma_r_jwrga bcep_b_rgml md kcrfwj mp_lec `w XlDc0M2>As+KMD bcapc_qcb `w mljw 1,5.#, Rfc

amk`gl_rgml md XlDc0M2 _lb As+KMD glapc_qcq rfc a_r_jwrga _argtc qgrc gknpmtcq rfc srgjgx_rgml cddgagclaw md tgqg`jc

jgefr _lb d_agjgr_rcq rfc a_ppgcp _eepce_rgml _lb p_ngb qcn_p_rgml _r rfc fcrcpmeclcmsq glrcpd_ac ufgaf k_icq rfc

amknmqgrc nfmrma_r_jwqr f_q cvacjjclr nfmrma_r_jwrga _argtgrw _lb qr_`gjgrw,
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