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摘  要 

一直以来，储能技术着重在能量密度、功率密度、寿命、安全性和成本方面不断改进。近年来不断扩大

的电子设备市场，包括电动汽车和便携式电子产品，促使电池逐渐向高能量密度方向发展。尽管锂离子

电池已被广泛应用于电动工具、电子通讯设备甚至电动汽车等应用领域，但是锂离子电池的能量密度已

接近其理论极限，仅能驱动一辆电动汽车行驶约300公里，或为全功能智能手机供电不到一天。锂硫电

池因其较高的理论容量(1675 mAh g−1)和丰富的硫储量而受到了广泛的关注。但是，S8和Li2S的导电性

差、循环时巨大的体积膨胀(80%)、多硫化物溶解引起的“穿梭效应”等，会导致活性物质利用率低，

电池容量衰减迅速，进而限制了其高功率输出。此外，充放电过程中的非均相氧化还原反应通常伴随着

缓慢的反应动力学，这导致了电池的倍率性能不理想。考虑到这些阻碍因素，除了可以通过引入中间层

或设计合适的隔膜来捕获和限制锂离子外，寻找合适的正极主体材料也是提高锂硫电池电化学性能的有

效途径。具体来说，利用极性材料作为高效的多硫化物介质来加速多硫化锂的反应已经成为近年来的研

究热点。一些研究人员发现在硫正极材料中引入电催化剂可以加快硫的氧化还原过程，抑制多硫化锂的

穿梭。本综述详细总结了加速硫还原反应的金属催化剂材料的最新进展，包括金属单原子材料、金属纳

米材料、金属化合物材料，并为进一步优化锂硫电池的电化学性能指明了方向。 
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Abstract 
Energy storage technology has always focused on improvements in energy density, power density, 
longevity, safety and cost. The expanding market for electronic devices in recent years, including 
electric cars and portable electronics, has led to the gradual development of batteries in the direc-
tion of higher energy density. Although lithium-ion batteries are already widely used in applica-
tions such as power tools, electronic communications devices and even electric cars, their energy 
density is approaching its theoretical limit, allowing them to drive only about 300 km in an elec-
tric car or power a fully functional smartphone for less than a day. Lithium-sulfur batteries due to 
its high theoretical capacity (1675 mAh g−1) and abundant sulfur reserves and has received the 
widespread attention. However, the high power output of S8 and Li2S is limited by the low utiliza-
tion of active materials and the rapid decline of battery capacity due to the poor conductivity of S8 
and Li2S, the huge volume expansion (80%) during the cycle, and the shuttle effect caused by the 
dissolution of polysulfides. Worse still, the heterogeneous redox reaction during charge and dis-
charge is usually accompanied by sluggish reaction kinetics, which leads to the unsatisfactory rate 
performance of the battery. Considering these hindering factors, in addition to the introduction of 
an intermediate layer or the design of a proper separator to trap and confine lithium ions, finding 
a suitable anode main material is also an effective way to improve the electrochemical perfor-
mance of lithium-sulfur batteries. Specifically, the use of polar materials as efficient polysulfide 
medium to accelerate the reaction of polysulfide lithium has become a research hotspot in recent 
years. Some researchers have found that the introduction of electrocatalysts in sulfur cathode 
materials can accelerate the sulfur redox process and inhibit the shuttle of polylithium sulfide. 
This review summarizes in detail the latest progress of metal catalysts materials for accelerating 
sulfur reduction reactions, including metal monatomic materials, metal nanomaterials, metal 
compound materials, and points out the direction for further optimization of the electrochemical 
performance of Li-sulfur batteries. 
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1. 引言 

电动汽车的复兴以及风能和太阳能的实施增加了对高性能储能系统的需求[1] [2] [3] [4]。目前，商用

锂离子电池采用 LiCoO2或 LiFePO4作为正极，能量密度相对较低(200~300 Wh kg−1)并且存在安全隐患，

严重阻碍了锂离子电池的大规模实际应用[5] [6] [7]。因此，开发具有高能量密度和高安全性的可充电电

池将是当务之急，其中，最有希望的候选者之一是锂硫电池(LSB)，它在解决这些问题方面具有很大的潜

力[8] [9] [10]。基于硫还原成硫化锂的转化反应产生了 1675 mAh g−1的高理论容量，这一容量明显高于嵌

入式正极材料，如 LiCoO2和 LiFePO4，其容量低于 200 mAh g−1。在工作电压约为 2.2 V 的电化学电荷转

移反应下，锂硫电池的比能量密度可达 2600 Wh kg−1。考虑到额外的电池组件，最佳配置下的锂硫电池

的实际能量密度可以达到 500~600 Wh kg−1 [11]。此外，硫还具有资源丰富、安全、环保等优点。锂硫电

池的优化将促进可再生能源的发展和应用。 
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尽管锂硫电池具有巨大的取代锂离子电池的潜力，但也仍然面临着几个关键问题[12] [13] [14]。主要

问题是放电过程中硫还原反应的转化动力学缓慢，这是由硫的低电导率和 16 个电子的复杂转换过程所导

致的。硫还原反应涉及一系列相变过程，即从固体硫还原为各种可溶中间体，然后再还原为最终的不溶

性 Li2S/Li2S 产物。动力学迟缓导致放电过程中硫不能充分被还原，从而降低了锂硫电池的比容量和倍率

性能。另一个挑战是多硫化锂中间体(Li2Sx, 3 ≤ x ≤ 8)在正极和电解液之间的溶解和扩散。硫与锂的转化

反应生成各种可溶于一般有机电解质的多硫化锂。由于电场和浓度梯度的作用，长链 Li2Sx(6 ≤ x ≤ 8)可以

穿透隔膜并迁移到负极上，在负极上被金属锂还原形成短链 Li2Sx(2 < x < 6)和不溶的 Li2S2/Li2S。这种麻

烦的现象会造成两个不利的影响：1) 非活性的 Li2S2/Li2S 层的沉积导致锂负极的钝化；2) 短链多硫化锂

在锂负极的积累。这些短链多硫化物可以扩散回正极，然后与长链多硫化锂反应。这种重复的过程形成

了一种穿梭效应，导致锂硫电池的容量快速衰减和库仑效率降低。此外，锂金属负极也面临严峻的挑战，

如严重的副反应和有害的锂枝晶生长。由于本综述的重点是正极的硫还原反应，锂金属负极已在其他地

方发表，因此不包括在这里[15] [16] [17] [18]。 
一般来说，由于硫还原反应动力学缓慢会导致硫的利用不足进而加剧多硫化物的穿梭。在过去的几

十年里，研究人员为克服这些挑战作出了巨大的努力[19] [20] [21] [22]。Nazar 等人的开创性研究为解决

硫正极问题提供了新的见解[23]。在硫阴极上引入介孔碳(CMK-3)作为宿主材料，有效地限制了硫的扩散，

并为锂离子与硫的高反应性提供了通道。这种约束保证了氧化还原反应能充分进行，提高了硫的利用率。

从那时起，具有高硫约束的材料被开发为高性能 LSB 的宿主[24] [25] [26]。然而电解质中的浓度梯度会

不可避免地导致多硫化物向正极侧扩散，受约束的多硫化物仍然会在正极区域积聚，因而约束策略并没

有从根本上解决氧化还原反应的迟滞性和穿梭效应。 
因此，加速硫还原反应的转化动力学被认为是实现硫正极充分利用的一个有前途的策略。催化剂材

料能促进硫正极的电荷转移，降低硫正极的反应能垒，在改善硫还原反应动力学方面显示出很大的优势

[27] [28]。因此，本综述系统地总结了金属催化剂的设计策略，为进一步改善锂硫电池的电化学性能指明

了方向。 

2. 金属单原子催化剂 

向锂硫电池中引入催化剂材料虽然可以提高硫的利用率，但是非活性成分的引入也导致了能量密度

的降低。因此，单原子(SA)作为原子间分散的金属原子，由于其最大限度的原子利用效率而备受关注。

就 LSB 的正极而言，单原子含量占正极总质量的比例可以降低到 10%以下。此外，不饱和的配位环境和

独特的电子结构使得单原子在催化方面具有明显的优势。由于单个原子具有极高的自由能，因此它们通

常与其他原子(例如 N 和 O)配位以保持结构稳定性。考虑到碳材料的结构灵活性，将单原子锚定在各种

碳基底上可以有效地催化硫的氧化还原反应[29]。表 1总结了提高LSB电化学性能的各种单原子催化剂。 

2.1. 金属单原子 Fe 

金属单原子 Fe 分散在氮掺杂碳上催化硫正极的氧化还原反应已经被广泛报道[48] [49] [50]。密度泛

函理论(DFT)算表明，单原子位点可以降低多硫化物转化的能垒，从而提升电池的倍率性能[40]。此外，

单个原子的催化活性很大程度上取决于配位环境。M-N4 (M 指金属)的四配位结构具有较高的结构稳定性，

是硫还原反应的典型活性位点。尽管结构稳定，但单原子的四配位构型可能不会表现出最佳的催化性能，

而控制配位环境可进一步增强单个原子的催化活性。例如，与 Fe-N4-C 相比，Fe-N5-C 的更多的 N 配位

数有望表现出更强的多硫化物吸附能力[28]。锂离子在 Fe-N5-C 表面的迁移能垒明显低于 Fe-N4-C，这意

味着由于 N 配数位的增加，离子迁移也得以增强。除了过饱和配位之外，Fe-N4配位的不足也能够为 LSB
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产生不同的活性位点[35]。例如，和 Fe-N4相比，Fe-N2配位中的 Fe 具有更高的 d 带中心(εd) (图 1)。而较

高的 εd导致反键轨道能增加，从而增强对多硫化物的亲和力和催化转化[29]。 
 

 
Figure 1. Optimization model of (a) (b) state density (c) (d) before and after 
adsorption of Li2S6 by FeN4 and FeN2 [45] 
图 1. FeN4和 FeN2吸附 Li2S6前后的(a) (b) 态密度(c) (d) 优化模型[45] 

2.2. 金属单原子 Co 

与金属单原子 Fe 一样，金属单原子 Co 也被用于 LSB 中以增强电化学转化。Co-Nx位点的整合使得

疏锂纤维碳骨架变得亲锂，有效缓解了锂负极的枝晶生长。同时，Co-Nx 位点还加快了电化学转化，有

效地抑制了多硫化物穿梭。和金属单原子 Fe 相似，金属单原子 Co 的配位数也是催化活性的关键。Co-N4

是一种常见且稳定的结构，可以增强硫正极的催化转化率。而在 Co-N2中，金属单原子 Co 的配位数的减

少会导致电荷分布不对称，d 带中心上移，有利于 Co-N2 和多硫化物之间的化学相互作用，从而有效加

快硫的氧化还原[31]。此外，还可以通过增加负载单原子催化剂的含量和暴露更多的活性位点，以获得最

大化的催化活性。 

2.3. 其他金属单原子 

除了金属单原子 Fe 和 Co，其他金属单原子催化剂已被尝试用于 LSB，例如 Ni [42] [51]、Zn [43] [52] 
[53]、Mo [34]、V [35]、W [36]和 Ru [37]。当与掺杂的 N 配位时，金属单原子 Ni 具有相似的物理化学特

性。例如，Ni-N4结构中氧化的 Ni 位点通过形成 Sn
2−−Ni−N 键可逆地催化多硫化物转化[51]。此外，由于

具有不对称的电子分布，过饱和的 Ni-N5结构是催化多硫化物转化的最佳候选者。基于 DFT 计算，Ni-N5/C
具有最低的硫还原反应动力学能垒和适中的硫物质吸附强度。基于电子结构计算，发现单原子催化剂和

硫物质之间的 d-p 轨道杂化可以作为描述符来指导 LSB 单原子催化剂的设计[54]。具有低原子序数的过

渡金属(例如 Ti)表现出较少的填充反键态和有效的 d-p 轨道杂化，可以增加与硫物质的结合并降低硫氧化

还原反应的能垒。 
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Table 1. Metallic monatom catalysts improve the performance of lithium Sulfur batteries 
表 1. 金属单原子催化剂提升锂硫电池性能 

催化剂 含硫量/% 载硫量/mg cm−2 倍率/C 循环圈数 初始容量/mAh g−1 剩余容量/mAh g−1 参考文献 

单原子 Fe − 2.3 0.2 200 1255 1129 [30]  

   2.0 1000 915 624  

单原子 Fe 52 1.0 1.0 1000 905 477 [31]  

单原子 Fe 70 1.5 0.2 200 1242 999 [32]  

   1.0 500 951 800  

单原子 Fe 59 1.0 0.2 100 1124 920 [33]  

   1.0 500 907 662  

单原子 Fe 56 1.3~1.5 0.2 100 1227 1104 [34]  

   2.0 2000 795 620  

单原子 Fe 60 1.5 0.2 100 1397 1176 [35]  

   1.0 500 899 800  

单原子 Co 68 2.0 1.0 500 927 681 [36]  

单原子 Co 56 1.0 0.5 700 871 571 [37]  

单原子 Co 54 − 0.1 150 1417 1182 [38]  

   1.0 500 1113 1003  

单原子 Co − 3.5 0.2 600 1000 500 [39]  

单原子 Co 56 1.2 1.0 1000 1038 675 [40]  

  4.9 0.2 120 1062 871  

单原子 Co − 2.8 0.5 200 850 682 [41]  

  1.0 1.0 500 950 700  

单原子 Ni − 1.3~1.6 0.5 500 1086 798 [42]  

单原子 Zn − 1.0 0.2 100 1230 1079 [43]  

   1.0 800 932 680  

单原子 Mo 65 2.0 1.0 200 912 900 [44]  

   2.0 550 831 817  

单原子 V 68 2.0 0.2 100 1200 770 [45] 

   0.5 400 780 551  

单原子 W 75 1.1 1.0 500 1063 691 [46]  

单原子 Ru 64 1.2 0.2 100 1200 992 [47] 

   1.0 800 800 500  

3. 金属纳米催化剂 

金属对许多反应都表现出优异的催化活性，最初被研究用于加速多硫化物的转化的金属是贵金属 Pt 
[55]。自此之后，其他贵金属或过渡金属，如 Ir [56]、Co [57]和 Fe [58]，都被证明能够有效地改善硫转

化。表 2 总结了不同种金属纳米催化剂对 LSB 性能的改善。 
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3.1. 金属 Co 

Co 是锂硫电池催化剂中研究的最多的金属，而硫还原反应涉及多步反应过程，单个催化剂可能无法

实现全部的催化转化。通常，Co 与 N 结合掺杂在碳材料中可以增加活性位点的数量，增强与多硫化物的

相互作用并加速反应，从而改善电化学性能。可以通过将两种不同的碳掺杂材料结合使用，协同加速硫

还原反应。金属有机框架(MOF)是制备 Co，N 掺杂碳纳米结构的优良前驱体。Fang 等人利用 Co-MOF
制备了 Co，N 掺杂的碳基复合材料(图 2) [71]。Co 和 N 杂原子的协同作用有效增强了与多硫化物的相互

作用，加快了反应速率。 
 

 
Graphene                            Graphitic N                           Pyridinic N 

 
Co@graphene                        Co@graphitic N                          Co@pyridinic N 

Figure 2. Differential charge density diagram of Li2S4 adsorbed on different substrates [90]  

图 2. Li2S4吸附在不同底物上的差分电荷密度图[71] 

 

此外，钴金属还可以和其他半导体结合形成莫特–肖特基异质结，作为催化剂使用时具有优化界面

电子相互作用的特点。这种莫特–肖特基效应会导致异质结构界面处的自驱动电荷密度分布，有利于与

多硫化物的化学结合，增强电荷传输，并减少硫还原反应的能垒[61]。 

3.2. 其他金属纳米催化剂 

Fe 是另一种有前景的催化硫还原反应的金属。Ye 等人报道了一种具有丰富 Fe 和 N 位点的高度石

墨化碳管，用于催化 LSB 中的电化学反应[59]。Fe 的引入促进了石墨化碳管的形成，并作为硫还原反

应的催化位点，增强 Li2S 的沉积。Ru 也被证实是一种有效的催化剂，可以加速 Li2S2 到 Li2S 的转化过

程。而且尺寸小于 3 nm 的 Ru 纳米粒子嵌入多孔空心碳球时可降低硫正极的界面电阻[56]。在多孔 N
掺杂碳纳米棒中嵌入超细 Bi 纳米颗粒会导致材料发生局部电荷重排，优化电子结构，提升多硫化物的

转化率[64]。 

3.3. 纳米合金 

合金纳米粒子可以整合单独金属组分的优点，进一步增强催化活性。CoFe 合金优异的催化活性引起

了极大的关注。研究发现，CoFe 合金纳米粒子可以通过路易斯酸碱相互作用化学限制多硫化物，催化硫

物质的氧化还原过程，并提供快速电子转移途径以获得良好的倍率性能[67]。除了 CoFe 合金，CoSn [72]、
FeNi [68]、ZnPd [69]合金和高熵合金[70]也被应用于 LSB 中以催化硫的转化。而所有这些合金都是由碳

基底作为支撑材料以获得增强的催化效果。 
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Table 2. Metallic nanocatalysts improve the performance of lithium sulfur batteries 
表 2. 金属纳米催化剂提升锂硫电池性能 

催化剂 含硫量/% 载硫量/mg cm−2 倍率/C 循环圈数 初始容量/mAh g−1 剩余容量/mAh g−1 参考文献 

Co 团簇 61 1.8 0.1 100 1380 1150 [13]  

   1.0 500 912 780  

Co 纳米颗粒 − 2.0 0.2 200 1093 986 [60]  

   3.0 500 627 508  

Co 纳米颗粒 60 1.5 1.0 500 909 657 [61]  

Co 纳米颗粒 60 1.0 0.2 100 1172 980 [62]  

   1.0 500 1100 660  

Co 纳米颗粒 70 1.0 0.2 100 1393 1035 [63]  

   1.0 1000 1261 625  

Fe 纳米颗粒 64 − 0.5 300 1050 827 [59]  

   2.0 500 750 526  

Bi 纳米颗粒 56 1.2~1.6 0.5 100 1157 970 [64]  

   1.0 500 1010 811  

Ag 纳米颗粒 53 1.3 0.5 200 1294 (0.1C) 849 [65]  

   2.0 550 918 652  

CoFe 合金 53 1.0 0.1 100 1226 1158 [66]  

   1.0 300 890 770  

CoFe 合金 − 1.0 0.2 100 1300 1170 [67]  

   5.0 300 1034 870  

CoFe 合金 70 1.0 0.2 100 1264 986 [16]  

   1.0 1000 914 457  

NiFe 合金 73 4.1 0.2 200 1000 800 [68]  

   1.0 800 950 600  

ZnPd 合金 60 1.2 1.0 500 916 627 [69]  

高熵合金 80 1.0~2.0 2.0 500 816 680 [70] 

4. 金属化合物催化剂 

综合考虑了元素周期表中各元素的价格、丰度等因素，认为在 LSB 中使用金属化合物作为硫氧化还

原反应的催化剂具有较大优势(图 3) [73] [74]。极性含氧化合物的 O 原子上含有孤对电子，这导致金属氧

化物与多硫化物之间具有较高的结合能[75] [76]。金属硫化物[77] [78]、金属硒化物[79] [80]、金属氮化

物[81] [82]、金属磷化物[83] [84]、和金属碳化物[85] [86]可以有效地催化多硫化物的转化过程。金属硼

化物的密度较小，有助于 LSB 保持较高的能量密度[87] [88]。由两个或多个金属化合物组成的异质结构

具有更为明显的催化作用[89] [90]。此外，催化剂的电子结构和表面性质对金属化合物的催化活性有很大

影响[91] [92]。内部和表面缺陷[93] [94]、微观形貌[95] [96]、元素掺杂[97] [98]等改性策略不仅可以产生

更多的锚定/催化多硫化物的活性位点，还能提高催化剂的活性，从而实现多硫化物的快速转化[99]。 
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Figure 3. Price and abundance of elements associated with lithium battery catalysts [28] 
图 3. 与锂电池催化剂相关的元素的价格及丰度[28] 

4.1. 金属氧化物 

与非极性碳相比，极性金属氧化物与多硫化物有更强的化学相互作用和更高的催化活性。它们具有 
 
Table 3. Metallic oxide catalysts improve the performance of lithium sulfur batteries 
表 3. 金属氧化物催化剂提升锂硫电池性能 

催化剂 含硫量/mg cm−2 载硫量/mg cm−2 倍率/C 循环圈数 初始容量/mAh g−1 剩余容量/mAh g−1 参考文献 

STMn0.3 − 1.5 2.0 1500 780 406 [104]  

Janus 颗粒 − 1.0 2.0 250 841 801 [105]  

NC@Nb-TiO2-x − 2.0 1.0 1000 920 696 [106]  

Zr2N2O/NC-6 − 2.0 1.0 300 857 702 [76]  

Fe2O3/N-MC − 5.1 1.0 500 19.4 mAh cm−2 3.7 mAh cm−2 [96] 

Ti4O7 − − 0.5 500 1490 819 [107]  

CoO − 2.0 1.0 500 1248 1037 [108]  

NiMoO4@NSCC − 2.0 1.0 500 682 654 [109]  

NiFe2O4 − − 0.2 500 921 55 [110]  

CoFe2O4 − − 2.0 500 816 557 [77]  

NFBCoFe2O4-x 
@MWCNTs 0.3 2.0 1.0 1000 1035 870 [111]  

FVO/CNT 0.24 2.0 1.0 850 1183 751 [112]  

ZnCo2O4 0.28 0.6 2.0 450 − 557 [113]  

MnCo2O4.5 40% 1.3~1.4 2.0 500 657 553 [114] 

V2O5 0.2 1.2 1.0 1000 930 586 [100] 

OVs-TiO2 0.12 1.0 2.0 500 802 631 [115] 
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缓解多硫化物的消耗和提高硫的利用率等优势[100]。由于金属阳离子和氧阴离子之间的极性键可以提供

足够的极性活性位点来锚定多硫化物，许多价格低廉的金属氧化物已应用于 LSB [101] [102] [103]。表 3
总结了金属氧化物作为催化剂在 LSB 中的电化学性能。 

通过调节原子结构可以进一步提高金属氧化物的活性。值得一提的是，缺陷工程可以通过局部电子

的重新分布调节表面电子结构，从而使缺陷电极材料暴露出富集的不饱和配位位点[116]。氧空位(OVs)
是典型的缺陷之一，在锚定多硫化物和促进硫氧化还原反应方面具有良好的应用前景[113]。 

此外，双金属氧化物也可用于 LSB，抑制穿梭效应，加速硫的氧化还原反应。和 Fe2O3相比，FeVO4

中的 Fe 3d 能带向费米能级偏移了 0.12 eV；和 V2O5相比，FeVO4中的 V 3d 能带更大，更接近费米能级

[111]。三维能带的重构增强了双金属氧化物对多硫化物的催化活性(图 4)。 
 

 
Figure 4. Catalytic processes of FeVO4, Fe2O3 and V2O5 on sulfur substances [111] 
图 4. FeVO4，Fe2O3和 V2O5对硫物质的催化过程[111] 
 

由于金属氧化物能与多硫化物反应生成硫代硫酸盐和多硫酸盐，因此对多硫化物具有很强的吸附能

力。然而，典型金属氧化物的导电性不足严重影响了多硫化物的转化和反应速率。因此，未来金属氧化

物的设计应侧重于通过与导电聚合物或碳材料耦合来提高电导率，从而提高 LSB 的性能[117]。 

4.2. 金属硫化物 

金属硫化物中的硫原子具有较高的电负性，有助于从过渡金属中捕获电子，并作为活性位点稳定反

应中间体。此外，金属硫化物通常比金属氧化物表现出更好的导电性，这有利于硫化物电极中的电化学

转换。 
金属硫化物对含硫物质具有很强的亲硫性，可以很好地化学锚定多硫化物。同时杂原子掺杂会破坏

金属化合物的局部晶格排列，产生更多的缺陷和活性位点，进而改善 LSB 的电化学性能。例如，Zhang
等人制备了 2D 超薄 3% Co-VS4/rGO，其电子结构受到 Co 掺杂和 S 空位缺陷(SVs)的影响。氧化还原石

墨烯优异的导电性和杂化结构大大提升了材料对多硫化物的吸附/催化，改善了LSB的电化学性能(图5)。
S@3%Co-VS4/rGO 正极的 Li+扩散系数高于 S@VS4/rGO 正极，这得益于 Co 掺杂引入的大量缺陷和活性

位点。此外，从图 5(b)的原位 X 射线衍射图可以看出，α-S8转化为 β-S8改善了多硫化物的氧化还原反应，

提升了反应的可逆性。然而，虽然金属硫化物的导电性普遍优于金属氧化物，但仍有必要引入导电碳材

料，进一步降低内阻，提高硫的利用率。 
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Figure 5. (a) Linear fitting of peak current and Li+ diffusion coefficient of S@3%Co-VS4/rGO and S@VS4/rGO cathode; (b) 
In situ X-ray diffraction pattern 
图 5. S@3%Co-VS4/rGO 和 S@VS4/rGO 正极(a) 峰值电流和 Li+扩散系数的线性拟合；(b) 原位 X 射线衍射图 

4.3. 金属硒化物 

由于 Se 原子和 S 原子具有近似的电负性和离子半径，所以金属硒化物与相应的金属硫化物具有

相似的晶体结构、缺陷密度和极性特征[118]。但硒化物的电导率却远远地高于硫化物，这是因为硒的

电导率(1 × 10−3 S m−1)比硫(5 × 10−28 S m−1)高了好几个数量级[119]。因此，金属硒化物(如 CoSe2 [120]、
FeSe2 [121]、ZnSe [122])具有合适的 d-电子结构、优异的极性和良好的导电性，对硫转化过程具有催

化活性。 
 

 
Figure 6. Quantitative comparison of bond energy, exchange current density and peak current intensity at WSe2−x/CNT 
图 6. WSe2−x/CNT 的键能、交换电流密度和峰值电流强度的定量比较 

 

Li 等人通过设计 2D WSe2-x深入探究了硒空位缺陷对多硫化物转化的影响(图 6)。WSe1.51表现出最合

适的硒空位缺陷，对多硫化物具有较强的吸附和催化作用。除阴离子缺陷外，金属阳离子空位的调控也

是增强 Li2S 催化转化的有效途径。硫化物的制备方法和表征方法也同样适用于硒化物，有助于深入理解

硒化物和多硒化物之间的作用机理。然而，硒化物在 LSB 中的应用处于起步阶段，仍需适当优化硒化物

以进一步适应硫氧化还原过程中的多相反应。 
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4.4. 金属氮化物 

和金属氧化物、金属硫化物和金属硒化物相比，金属氮化物具有更优异的导电性。研究表明，TiN 对多

硫化物的吸附能力强于 ZnS、CoS 和碳类材料[123]。这是因为 N 原子可增加金属原子的 d 电子密度，缩小金

属原子的 d 能带，所以金属氮化物的电子结构与贵金属相似，这使得金属氮化物可有效地催化硫的氧化还原。 
氮化钒(VN)具有良好的耐电化学腐蚀性和优异的导电性(1.17 × 106 S m−1)，是最有前途的催化剂材料

之一。Liu 等人在 VN 中掺杂了 Co 原子(Co-VN/NC)以便进一步优化电子结构，增强吸附活性。Co 的引

入富集 VN 的 d 轨道电子，增加 d 带中心，提高 VN 对多硫化物的亲和力，促进反应动力学。 
过渡金属氮化物由于其电子结构、高导电性和较强的多硫化物吸附能力等特点，在 LSB 中得到广泛

的研究。然而，目前报道的过渡金属氮化物通常是通过在氨气中氮化金属前驱体来制备的，这导致成本

的增加和设备的损坏。因此，亟须制定策略以便在可靠的条件下大量制备金属氮化物，从而进一步推动

在 LSB 电池中的应用。 

4.5. 金属磷化物 

与金属氧化物和金属硫化物相比，金属磷化物具有相似的电导率以及较为适中的多硫化物吸附能力。与

金属氮化物和金属碳化物相比，金属磷化物的制备过程更为温和、经济。此外，金属磷化物可以通过相互作

用与多硫化物形成 Li-P 键和 P-S 键，从而促进化学吸附过程的进行和短链 Li2S2/Li2S 的生成[124] [125]。 
Sun 等人制备了含有 P 空位的 CoP (CoP-Vp)作为模型来探索 P 空位缺陷对电池性能的影响。研究发现，

CoP-Vp 的电子构型可以有效增强与多硫化物之间的化学吸附能力，加速多硫化物转化的氧化还原反应(图 7)。
紫外可见光谱上的弱 Li2S6峰和吸附后的透明液体均表明，高浓度的 P 空位缺陷具有优异的多硫化物吸附能力。 

多金属磷化物中不同金属原子之间的协同互补作用有望促进多硫化物的氧化还原反应。金属磷化物

材料具有高导电性、极性表面和优异的催化效果。然而，该材料在室温条件下容易被氧化，为进一步了

解结构和活性之间关系带来了巨大的挑战。目前，金属磷化物的制备涉及到复杂的多步骤过程和不可控

的相结构。因此，迫切需要探索一步法合成结构精细、催化性能优异的金属磷化物。 
 

 
Figure 7. Diagram of continuous reduction process from S8 to 
Li2S2/Li2S 
图 7. 从 S8到 Li2S2/Li2S 的连续还原过程示意图 

4.6. 金属碳化物 

金属碳化物因其具有优异的导电性而备受关注。与金属氧化物和金属硫化物不同，金属碳化物表现

出无带隙的金属性质，改善了导电性并加快了 Li2S 的沉积速率[126] [127] [128]。 
金属活性中心的价态调控工程是调节多硫化物吸附和获得高性能电池的潜在策略。例如，Wang

等人将 Zn2+调控的 Co3ZnC 锚定在三维介孔氮掺杂碳上制备了 Co3ZnC@NC。如图 8，首先，NC 作为
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导电多孔骨架提供了快速离子/电子传输通道。其次，丰富的 N 原子和 Co 原子活性位点共同作用，吸

附并催化多硫化物的可逆转化。最后，部分取代的 Zn2+在优化双金属碳化物的物理结构和增加催化活

性位点方面起到协同作用。Co3ZnC@NC 的最低电荷内阻进一步证实其对多硫化物的强吸附和催化能

力(图 8)。 
 

 
Figure 8. (a) Schematic diagram of the mechanism of Co3ZnC@NC; (b) Impedance diagrams of different cells 
图 8. (a) Co3ZnC@NC 的机理示意图；(b) 不同电池的阻抗图 

 

金属碳化物的极性、高电导率和丰富的活性位点可以有效地促进电荷转移，从而进一步延缓多硫化

物的溶解。然而，具有高比表面积的金属碳化物很难制备。其制备过程通常涉及到高温退火的步骤，这

极大地限制了其在 LSB 中的大规模应用。在不久的将来，仍需要探索开发易于控制碳化物形态的温和合

成方法。 

4.7. 金属硼化物 

大多数金属氧化物导电性较差，但化学稳定性较高，因而主要通过 Li-O 结合与多硫化物发生强烈的

相互作用。金属硫化物、金属硒化物、金属碳化物、金属氮化物、金属磷化物的导电性较强，但化学性

质不稳定[129]。而具有空 2p 轨道的硼化物中的 B 原子可以通过 B-S 键锚定多硫化物。金属原子和 B 原 
 

 
Figure 9. Schematic diagram of catalyst NbB2 accelerating polysulfide conversion and promoting nucleation of Li2S 
图 9. 催化剂 NbB2加速多硫化物转化和促进 Li2S 成核的原理图 
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子都能化学吸附多硫化物，有利于化学锚定位点的增加[130]。此外，B 原子 sp 轨道的强杂化改变了金属

原子的 d 能带性质，从而增强了金属原子与多硫化物之间的相互作用[131]。 
金属硼化物的上述优点已经被应用于研究促进多硫化物的转化过程。Xu 等人合成了 N-P 共掺杂

石墨烯(NPG)和二硼化铌(NbB2)纳米颗粒的复合材料。其中，NPG 具有较大的比表面积和优异的导电

性，而 NbB2 具有丰富且高效的催化位点。NbB2 纳米颗粒可以调节 Li2S 的三维成核和生长，从而引导

Li2S 的径向生长来平衡原子的横向扩散(图 9)。结果表明，NbB2 可以显著促进 Li2S 成核，催化 LSB
的液–固反应。 

尽管金属硼化物在 LSB 中表现出了巨大的应用潜力，但它们也面临着许多问题，例如苛刻的生产制

备条件和不可控的形貌等。金属硼化物在锂硫电池中的进一步应用很大程度上取决于合成方法和结构调

控的改进。 

5. 总结与展望 

在本综述中，我们系统地总结了锂硫电池中硫还原反应金属催化剂材料的最新进展。理想的催化剂

应具有良好的导电性、对硫的吸附能力和丰富的催化位点。此外，催化剂的高结构稳定性是延长电池循

环寿命的先决条件。目前对硫还原反应金属催化剂的研究主要分为金属单原子、金属纳米和金属化合物

三类。尽管在设计更好的硫还原反应催化材料方面已经取得了巨大的进展，但仍需寻求合理的解决方案，

以公平地评价和比较催化剂的活性。许多报道表明，各种材料都表现出优异的硫还原反应催化活性。评

价催化剂活性的直接标准是锂硫电池的电化学性能，如比容量、倍率和循环稳定性。优良的硫还原反应

催化剂可以显著改善电极反应动力学，减轻多硫化物穿梭现象。因此，具有更高的放电容量和更强的倍

率性能。此外，基于催化剂材料的固有性质，它们可以降低反应活化能。在等效实验条件下，硫还原反

应的反应过电位和塔菲尔斜率等电化学参数可用于评价硫还原反应的催化剂活性。硫各还原步骤的活化

能和 Li2S 沉积容量是反映催化剂性能的重要指标。此外，从光谱分析和理论计算中得到的硫还原反应的

途径变化将是催化剂评价的另一个有价值的指导。 
然而，由于催化剂的活性是在不同的条件下进行评估的，因此很难对不同的报告进行比较。而氧

还原反应和析氢反应都有统一的评价标准，如起始电位、过电位、塔菲尔斜率等，这些参数可以直接

与基准进行比较。在锂硫电池中，由于电池结构和电解质成分通常不同，因此很难对不同实验条件下

获得的这些值进行直接比较。因此，合理的评价策略有利于设计和筛选高效的硫还原反应催化剂。此

外，开发更有效和直接的表征方法对于准确检测各种硫种类和揭示硫还原反应过程中复杂的转化途径

至关重要。强烈建议开发更先进的硫还原反应原位表征方法，以反映硫物种的实时演化。总之，最近

的研究表明，虽然各种催化剂材料有效加快了硫还原反应动力学，但是仍然需要进行更多的研究来阐

明潜在的机制，设计更有效的催化剂，开发先进的表征方法，进而进一步推动高性能锂硫电池的实际

应用。 

基金项目 

感谢国家自然科学基金(编号 52071226)，江苏省自然科学基金(编号 BK20220061)的资助。 

参考文献 
[1] Bruce, P., Freunberger, S., Hardwick, L. and Tarascon, J. (2012) Li-O2 and Li-S Batteries with High Energy Storage. 

Nature Materials, 11, 19-29. https://doi.org/10.1038/nmat3191 
[2] Lin, D., Liu, Y. and Cui, Y. (2017) Reviving the Lithium Metal Anode for High-Energy Batteries. Nature Nanotech-

nology, 12, 194-206. https://doi.org/10.1038/nnano.2017.16 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1038/nmat3191
https://doi.org/10.1038/nnano.2017.16


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 327 有机化学研究 
 

[3] Manthiram, A, Yu, X. and Wang, S. (2017) Lithium Battery Chemistries Enabled by Solid-State Electrolytes. Nature 
Reviews Materials, 2, 1-16. https://doi.org/10.1038/natrevmats.2016.103 

[4] Chayambuka, K., Mulder, G., Danilov, D. and Notten, H. (2018) Sodium-Ion Battery Materials and Electrochemical 
Properties Reviewed. Advanced Energy Materials, 8, Article ID: 1800079. https://doi.org/10.1002/aenm.201800079 

[5] Hong, X., Mei, J., Wen, L., Tong, Y., Vasileff, A., Wang, L., Liang, J., Sun, Z. and Dou, S. (2019) Nonlithium Met-
al-Sulfur Batteries: Steps toward a Leap. Advanced Materials, 31, Article ID: 1802822.  
https://doi.org/10.1002/adma.201802822 

[6] Goodenough, J. and Park, K. (2013) The Li-Ion Rechargeable Battery: A Perspective. Journal of the American Chem-
ical Society, 135, 1167-1176. https://doi.org/10.1021/ja3091438 

[7] Li, M., Lu, J., Chen, Z. and Amine, A. (2018) 30 Years of Lithium-Ion Batteries. Advanced Materials, 30, Article ID: 
1800561. https://doi.org/10.1002/adma.201800561 

[8] Wang, R., Yang, J., Chen, X., Zhao, Y., Zhao, W., Qian, G., Li, S., Xiao, Y., Chen, H., Ye, Y., Zhou, G. and Pan, F. 
(2020) Highly Dispersed Cobalt Clusters in Nitrogen-Doped Porous Carbon Enable Multiple Effects for 
High-Performance Li-S Battery. Advanced Energy Materials, 10, Article ID: 1903550.  
https://doi.org/10.1002/aenm.201903550 

[9] Xu, J., Yu, F., Hua, J., Tang, W., Yang, C., Hu, S., Zhao, S., Zhang, X., Xin, Z. and Niu, D. (2020) Donor Dominated 
Triazine-Based Microporous Polymer as a Polysulfide Immobilizer and Catalyst for High-Performance Lithium-Sulfur 
Batteries. Chemical Engineering Journal, 392, Article ID: 123694. https://doi.org/10.1016/j.cej.2019.123694 

[10] Ji, H., Wang, Z., Sun, Y., Zhou, Y., Li, S., Zhou, J., Qian, T. and Yan, C. (2023) Weakening Li+ De-Solvation Barrier 
for Cryogenic Li-S Pouch Cells. Advanced Materials, 35, Article ID: 2208590.  
https://doi.org/10.1002/adma.202208590 

[11] Pope, M. and Aksay, I. (2015) Structural Design of Cathodes for Li-S Batteries. Advanced Energy Materials, 5, Article 
ID: 1500124. https://doi.org/10.1002/aenm.201500124 

[12] Lei, J., Liu, T., Chen, J., Zheng, M., Zhang, Q., Mao, B. and Dong, Q. (2020) Exploring and Understanding the Roles 
of Li2Sn and the Strategies to beyond Present Li-S Batteries. Chem, 6, 2533-2557.  
https://doi.org/10.1016/j.chempr.2020.06.032 

[13] Song, Z., Wang, L., Jiang, W., Pei, M., Li, B., Mao, R., Liu, S., Zhang, T., Jian, X. and Hu, F. (2023) “Like Compati-
ble Like” Strategy Designing Strong Cathode-Electrolyte Interface Quasi-Solid-State Lithium-Sulfur Batteries. Ad-
vanced Energy Materials, Article ID: 2302688. https://doi.org/10.1002/aenm.202302688  

[14] He, J. and Manthiram, A. (2019) A Review on the Status and Challenges of Electrocatalysts in Lithium-Sulfur Batte-
ries. Energy Storage Materials, 20, 55-70. https://doi.org/10.1016/j.ensm.2019.04.038 

[15] Lin, D., Liu, Y. and Cui, Y. (2017) Reviving the Lithium Metal Anode for High-Energy Batteries. Nature Nanotech-
nology, 12, 194-206. https://doi.org/10.1038/nnano.2017.16 

[16] Gao, N., Zhang, Y., Chen, C., Li, B., Li, W., Lu, H., Yu, L., Zheng, S. and Wang, B. (2020) Low-Temperature Li-S 
Battery Enabled by CoFe Bimetallic Catalysts. Journal of Materials Chemistry A, 10, 8378-8389.  
https://doi.org/10.1039/D2TA00406B 

[17] Cheng, X., Zhang, R., Zhao, C. and Zhang, Q. (2017) Toward Safe Lithium Metal Anode in Rechargeable Batteries: A 
Review. Chemical Reviews, 117, 10403-10473. https://doi.org/10.1021/acs.chemrev.7b00115 

[18] Liu, B., Zhang, J. and Xu, W. (2018) Advancing Lithium Metal Batteries. Joule, 2, 833-845.  
https://doi.org/10.1016/j.joule.2018.03.008 

[19] Kang, X., He, T., Zou, R., Niu, S., Ma, Y., Zhu, F. and Ran, F. (2023) Size Effect for Inhibiting Lithium-Sulfur Batte-
ries. Small, Article ID: 2306503. https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.202306503   

[20] Hou, J., Yang, M., Wang, D. and Zhang, J. (2020) Fundamentals and Challenges of Lithium Ion Batteries at Tempera-
tures between −40 and 60 ˚C. Advanced Energy Materials, 10, Article ID: 1904152.  
https://doi.org/10.1002/aenm.201904152 

[21] Armand, M. and Tarascon, J. (2008) Building Better Batteries. Nature, 451, 652-657. https://doi.org/10.1038/451652a 
[22] Palacin, M. (2009) Recent Advances in Rechargeable Battery Materials: A Chemist’s Perspective. Chemical Society 

Reviews, 38, 2565-2575. https://doi.org/10.1039/b820555h 
[23] Ji, X., Lee, K. and Nazar, L. (2009) A Highly Ordered Nanostructured Carbon-Sulphur Cathode for Lithium-Sulphur 

Batteries. Nature Materials, 8, 500-506. https://doi.org/10.1038/nmat2460 
[24] Zhou, L., Danilov, D., Eichel, R. and Notten, P. (2021) Host Materials Anchoring Polysulfides in Li-S Batteries Re-

viewed. Advanced Energy Materials, 11, Article ID: 2001304. https://doi.org/10.1002/aenm.202001304 
[25] Bai, S., Liu, X., Zhu, K., Wu, S. and Zhou, H. (2016) Metal-Organic Framework-Based Separator for Lithium-Sulfur 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1038/natrevmats.2016.103
https://doi.org/10.1002/aenm.201800079
https://doi.org/10.1002/adma.201802822
https://doi.org/10.1021/ja3091438
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/aenm.201903550
https://doi.org/10.1016/j.cej.2019.123694
https://doi.org/10.1002/adma.202208590
https://doi.org/10.1002/aenm.201500124
https://doi.org/10.1016/j.chempr.2020.06.032
https://doi.org/10.1002/aenm.202302688
https://doi.org/10.1016/j.ensm.2019.04.038
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1039/D2TA00406B
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1016/j.joule.2018.03.008
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.202306503
https://doi.org/10.1002/aenm.201904152
https://doi.org/10.1038/451652a
https://doi.org/10.1039/b820555h
https://doi.org/10.1038/nmat2460
https://doi.org/10.1002/aenm.202001304


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 328 有机化学研究 
 

Batteries. Nature Energy, 1, Article No. 16094. https://doi.org/10.1038/nenergy.2016.94 
[26] Ye, H. and Lee, J. (2020) Solid Additives for Improving the Performance of Sulfur Cathodes in Lithium-Sulfur Batte-

ries-Adsorbents, Mediators, and Catalysts. Small Methods, 4, Article ID: 1900864.  
https://doi.org/10.1002/smtd.201900864 

[27] Salem, H., Babu, G., Rao, C. and Arava, L. (2015) Electrocatalytic Polysulfide Traps for Controlling Redox Shuttle 
Process of Li-S Batteries. Journal of the American Chemical Society, 137, 11542-11545.  
https://doi.org/10.1021/jacs.5b04472 

[28] Wu, J., Ye, T., Wang, Y., Yang, P., Wang, Q., Kuang, W., Chen, X., Duan, G., Yu, L., Jin, Z., Qin, J. and Lei, Y. 
(2022) Understanding the Catalytic Kinetics of Polysulfide Redox Reactions on Transition Metal Compounds in Li-S 
Batteries. ACS Nano, 16, 15734-15759. https://doi.org/10.1021/acsnano.2c08581 

[29] Wang, F., Li, J., Zhao, J., Yang, Y., Su, C., Zhong, Y., Yang, Q. and Lu, J. (2020) Single-Atom Electrocatalysts for 
Lithium Sulfur Batteries: Progress, Opportunities, and Challenges. ACS Materials Letters, 2, 1450-1463.  
https://doi.org/10.1021/acsmaterialslett.0c00396 

[30] Lu, C., Chen, Y., Yang, Y. and Chen, X. (2020) Single-Atom Catalytic Materials for Lean-Electrolyte Ultrastable Li-
thium-Sulfur Batteries. Nano Letters, 20, 5522-5530. https://doi.org/10.1021/acs.nanolett.0c02167 

[31] Zhao, H., Tian, B., Su, C. and Li, Y. (2021) Single-Atom Iron and Doped Sulfur Improve the Catalysis of Polysulfide 
Conversion for Obtaining High-Performance Lithium-Sulfur Batteries. ACS Applied Materials & Interfaces, 13, 
7171-7177. https://doi.org/10.1021/acsami.0c20446 

[32] Ma, C., Zhang, Y., Feng, Y., Wang, N., Zhou, L., Liang, C., Chen, L., Lai, Y., Ji, X., Yan, C. and Wei, W. (2021) En-
gineering Fe-N Coordination Structures for Fast Redox Conversion in Lithium-Sulfur Batteries. Advanced Materials, 
33, Article ID: 2100171. https://doi.org/10.1002/adma.202100171 

[33] Zhang, Y., Liu, J., Wang, J., Zhao, Y., Luo, D., Yu, A., Wang, X. and Chen, Z. (2021) Engineering Oversaturated 
Fe-N5 Multifunctional Catalytic Sites for Drable Lithium-Sulfur Batteries. Angewandte Chemie International Edition, 
133, 26826-26833. https://doi.org/10.1002/ange.202108882 

[34] Qiu, Y., Fan, L., Wang, M., Yin, X., Wu, X., Sun, X., Tian, D., Guan, B., Tang, D. and Zhang, N. (2020) Precise Syn-
thesis of Fe-N2 sSites with High Activity and Stability for Long-Life Lithium-Sulfur Batteries. ACS Nano, 14, 
16105-16113. https://doi.org/10.1021/acsnano.0c08056 

[35] Wang, J., Qiu, W., Li, G., Liu, J., Luo, D., Zhang, Y., Zhao, Y., Zhou, G., Shui, L., Wang, X. and Chen, Z. (2022) 
Coordinatively Deficient Single-Atom Fe-N-C Electrocatalyst with Optimized Electronic Structure for 
High-Performance Lithium-Sulfur Batteries. Energy Storage Materials, 46, 269-277.  
https://doi.org/10.1016/j.ensm.2021.12.040 

[36] Du, Z., Chen, X., Hu, W., Chuang, C., Xie, S., Hu, A., Yan, W., Kong, X., Wu, X., Ji, H. and Wan, L. (2019) Cobalt in 
Nitrogen-Doped Graphene as Single-Atom Catalyst for High-Sulfur Content Lithium-Sulfur Batteries. Journal of the 
American Chemical Society, 141, 3977-3985. https://doi.org/10.1021/jacs.8b12973 

[37] Fang, D., Sun, P., Huang, S., Shang, Y., Li, X., Yan, D., Lim, Y., Su, C., Su, B., Juang, J. and Yang, H. (2022) An Ex-
foliation-Evaporation Strategy to Regulate N Coordination Number of Co Single-Atom Catalysts for 
High-Performance Lithium-Sulfur Batteries. ACS Materials Letters, 4, 1-10.  
https://doi.org/10.1021/acsmaterialslett.1c00414 

[38] Wang, Z., Shen, J., Xu, X., Yuan, J., Zuo, S., Liu, Z., Zhang, D. and Liu, J. (2022) In-Situ Synthesis of Car-
bon-Encapsulated Atomic Cobalt as Highly Eefficient Polysulfide Electrocatalysts for Highly Stable Lithium-Sulfur 
Batteries. Small, 18, Article ID: 2106640. https://doi.org/10.1002/smll.202106640 

[39] Huang, T., Sun, Y., Wu, J., Jin, J., Wei, C., Shi, Z., Wang, M., Cai, J., An, X., Wang, P., Su, C., Li, Y. and Sun, J. 
(2021) A Dual-Functional Fibrous Skeleton Implanted with Single-Atomic Co-Nx Dispersions for Longevous Li-S Full 
Batteries. ACS Nano, 15, 14105-14115. https://doi.org/10.1021/acsnano.1c04642 

[40] Li, Y., Wu, J., Zhang, B., Wang, W., Zhang, G., Seh, Z., Zhang, N., Sun, J., Huang, L., Jiang, J., Zhou, J. and Sun, Y. 
(2020) Fast Conversion and Controlled Deposition of Lithium (Poly)sulfides in Lithium-Sulfur Batteries Using 
High-Loading Cobalt Single Atoms. Energy Storage Materials, 30, 250-259.  
https://doi.org/10.1016/j.ensm.2020.05.022 

[41] Wang, R., Wu, R., Ding, C., Chen, Z., Xu, H., Liu, Y., Zhang, J., Ha, Y., Fei, B. and Pan, H. (2021) Porous Carbon 
Architecture Assembled by Cross-Linked Carbon Leaves with Implanted Atomic Cobalt for High-Performance Li-S 
Batteries. Nano-Micro Letters, 13, Article No. 151. https://doi.org/10.1007/s40820-021-00676-6 

[42] Zhang, S., Ao, X., Huang, J., Wei, B., Zhai, Y., Zhai, D., Deng, W., Su, C., Wang, D. and Li, Y. (2021) Isolated Sin-
gle-Atom Ni-N5 Catalytic Site in Hollow Porous Carbon Capsules for Efficient Lithium-Sulfur Batteries. Nano Letters, 
21, 9691-9698. https://doi.org/10.1021/acs.nanolett.1c03499 

[43] Wang, R., Wu, R., Yan, X., Liu, D., Guo, P., Li, W. and Pan, H. (2022) Implanting Single Zn Atoms Coupled with 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1038/nenergy.2016.94
https://doi.org/10.1002/smtd.201900864
https://doi.org/10.1021/jacs.5b04472
https://doi.org/10.1021/acsnano.2c08581
https://doi.org/10.1021/acsmaterialslett.0c00396
https://doi.org/10.1021/acs.nanolett.0c02167
https://doi.org/10.1021/acsami.0c20446
https://doi.org/10.1002/adma.202100171
https://doi.org/10.1002/ange.202108882
https://doi.org/10.1021/acsnano.0c08056
https://doi.org/10.1016/j.ensm.2021.12.040
https://doi.org/10.1021/jacs.8b12973
https://doi.org/10.1021/acsmaterialslett.1c00414
https://doi.org/10.1002/smll.202106640
https://doi.org/10.1021/acsnano.1c04642
https://doi.org/10.1016/j.ensm.2020.05.022
https://doi.org/10.1007/s40820-021-00676-6
https://doi.org/10.1021/acs.nanolett.1c03499


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 329 有机化学研究 
 

Metallic Co Nanoparticles into Porous Carbon Nanosheets Grafted with Carbon Nanotubes for High-Performance Li-
thium-Sulfur Batteries. Advanced Functional Materials, 32, Article ID: 2200424.  
https://doi.org/10.1002/adfm.202200424 

[44] Ma, F., Wan, Y., Wang, X., Wang, X., Liang, J., Miao, Z., Wang, T., Ma, C., Lu, G., Han, J., Huang, Y. and Li, Q. 
(2020) Bifunctional Atomically Dispersed Mo-N2/C Nanosheets Boost Lithium Sulfide Deposition/Decomposition for 
Stable Lithium-Sulfur Batteries. ACS Nano, 14, 10115-10126. https://doi.org/10.1021/acsnano.0c03325 

[45] Zhou, G., Zhao, S., Wang, T., Yang, S., Johannessen, B., Chen, H. Liu, C., Ye, Y., Wu, Y., Peng, Y., Liu, C., Jiang, S., 
Zhang, Q. and Cui, Y. (2020) Theoretical Calculation Guided Design of Single-Atom Catalysts Toward Fast Kinetic 
and Long-Life Li-S Batteries. Nano Letters, 2, 1252-1261. https://doi.org/10.1021/acs.nanolett.9b04719 

[46] Wang, P., Xi, B., Zhang, Z., Huang, M., Feng, J. and Xiong, S. (2021) Atomic Tungsten on Graphene with Unique-
Coordination Enabling Kinetically Boosted Lithium-Sulfur Batteries. Angewandte Chemie International Edition, 133, 
15563-15699. https://doi.org/10.1002/anie.202104053 

[47] Li, Y., Gao, T., Ni, D., Zhou, Y., Yousaf, M., Guo, Z., Zhou, J., Zhou, P., Wang, Q. and Guo, S. (2022) Two Birds 
with One Stone, Interfacial Engineering of Multifunctional Janus Separator for Lithium-Sulfur Batteries, Advanced 
Materials, 34, Article ID: 2107638. https://doi.org/10.1002/adma.202107638 

[48] Liu, Z., Zhou, L., Ge, Q., Chen, R., Ni, M., Utetiwabo, W., Zhang, X. and Yang, W. (2018) Atomic Iron Catalysis of 
Polysulfide Conversion in Lithium-Sulfur Batteries. ACS Applied Materials & Interfaces, 10, 19311-19317.  
https://doi.org/10.1021/acsami.8b03830 

[49] Wang, C., Song, H., Yu, C., Ullah, Z., Guan, Z., Chu, R., Zhang, Y., Zhao, L., Li, Q. and Liu, L. (2020) Iron Sin-
gle-Atom Catalyst Anchored on Nitrogen-Rich MOF-Derived Carbon Nanocage to Accelerate Polysulfide Redox 
Conversion for Lithium Sulfur Batteries. Journal of Materials Chemistry A, 8, 3421-3430.  
https://doi.org/10.1039/C9TA11680J 

[50] Wang, Y., Adekoya, D., Sun, J., Tang, T., Qiu, H., Xu, L., Zhang, S. and Hou, Y. (2019) Manipulation of Edge-Site 
Fe-N2 Moiety on Holey Fe, N Codoped Graphene to Promote the Cycle Stability and Rate Capacity of Li-S Batteries. 
Advanced Functional Materials, 29, Article ID: 1807485. https://doi.org/10.1002/adfm.201807485 

[51] Zhang, L., Liu, D., Muhammad, Z., Wan, F., Xie, W., Wang, Y., Song, L., Niu, Z. and Chen, J. (2019) Single Nickel 
Atoms on Nitrogen-Doped Graphene Enabling Enhanced Kinetics of Lithium-Sulfur Batteries. Advanced Materials, 31, 
Article ID: 1903955. https://doi.org/10.1002/adma.201903955 

[52] Shi, H., Ren, X., Lu, J., Dong, C., Liu, J., Yang, Q., Chen, J. and Wu, Z. (2020) Dual-Functional Atomic Znc Deco-
rated Hollow Carbon Nanoreactors for Kinetically Accelerated Polysulfides Conversion and Dendrite Free Lithium 
Sulfur Batteries. Advanced Energy Materials, 10, Article ID: 2002271. https://doi.org/10.1002/aenm.202002271 

[53] Song, C., Li, Z., Ma, L., Li, M., Huang, S., Hong, X., Cai, Y. and Lan, Y. (2021) Single-Atom Zinc and Anionic 
Fframework as Janus Separator Coatings for Efficient Inhibition of Lithium Dendrites and Shuttle Effect. ACS Nano, 
15, 13436-13443. https://doi.org/10.1021/acsnano.1c03876 

[54] Han, Z., Zhao, S., Xiao, J., Zhong, X., Sheng, J., Lv, W., Zhang, Q., Zhou, G. and Cheng, H. (2021) Engineering d-p 
Orbital Hybridization in Single-Atom Metal-Embedded Three-Dimensional Electrodes for Li-S Batteries. Advanced 
Materials, 33, Article ID: 2105947. https://doi.org/10.1002/adma.202105947 

[55] Han, F., Fan, L., Zhang, Z., Zhang, X. and Wu, L. (2023) Platinum Electrocatalyst Promoting Redox Kinetics of Li2S 
and Regulating Li2S Nucleation for Lithium-Sulfur Batteries. Small, Article ID: 2307950.  
https://doi.org/10.1002/smll.202307950  

[56] Zuo, P., Hua, J., He, M., Zhang, H., Qian, Z., Ma, Y., Du, C., Chen, X., Gao, Y. and Yin, G. (2017) Facilitating the 
Redox Reaction of Polysulfides by an Electrocatalytic Layer-Modified Separator for Lithium-Sulfur Batteries. Journal 
of Materials Chemistry A, 5, 10936-10945. https://doi.org/10.1039/C7TA02245J 

[57] Yu, M., Zhou, S., Wang, Z., Wang, Y., Zhang, N., Wang, S., Zhao, J. and Qiu, J. (2019) Accelerating Polysulfide Re-
dox Conversion on Bifunctional Electrocatalytic Electrode for Stable Li-S Batteries. Energy Storage Materials, 20, 
98-107. https://doi.org/10.1016/j.ensm.2018.11.028 

[58] Zeng, P., Peng, J., Yu, H., Zhou, X., Wang, K., Liu, J., Zhou, Z., Chen, M., Miao, C., Guo, X., Chang, B. and Wang, X. 
(2022) In-Situ Synthesis of Highly Graphitized and Fe/N Enriched Carbon Tubes as Catalytic Mediums for Promoting 
Multi-Step Conversion of Lithium Polysulfides. Carbon, 192, 418-428. https://doi.org/10.1016/j.carbon.2022.02.045 

[59] Ye, H., Sun, J., Zhang, S., Lin, H., Zhang, T., Yao, Q. and Lee, J. (2019) Stepwise Electrocatalysis as a Strategy 
Against Polysulfide Shuttling in Li-S Batteries. ACS Nano, 13, 14208-14216. https://doi.org/10.1021/acsnano.9b07121 

[60] Wang, D., Ma, K., Hao, J., Zhang, W., Wang, C., Xu, C., Shi, H., Ji, Z., Yan, X. and Gu, Y. (2021) Multifunction 
Co-Nx Species to Manipulate Polysulfides Conversion Kinetics toward Highly Efficient Lithium-Sulfur Batteries. Na-
no Energy, 89, Article ID: 106426. https://doi.org/10.1016/j.nanoen.2021.106426 

[61] Li, Y., Wang, W., Zhang, B., Fu, L., Wan, M., Li, G., Cai, Z., Tu, S., Duan, X., Seh, Z., Jiang, J. and Sun, Y. (2021) 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1002/adfm.202200424
https://doi.org/10.1021/acsnano.0c03325
https://doi.org/10.1021/acs.nanolett.9b04719
https://doi.org/10.1002/anie.202104053
https://doi.org/10.1002/adma.202107638
https://doi.org/10.1021/acsami.8b03830
https://doi.org/10.1039/C9TA11680J
https://doi.org/10.1002/adfm.201807485
https://doi.org/10.1002/adma.201903955
https://doi.org/10.1002/aenm.202002271
https://doi.org/10.1021/acsnano.1c03876
https://doi.org/10.1002/adma.202105947
https://doi.org/10.1002/smll.202307950
https://doi.org/10.1039/C7TA02245J
https://doi.org/10.1016/j.ensm.2018.11.028
https://doi.org/10.1016/j.carbon.2022.02.045
https://doi.org/10.1021/acsnano.9b07121
https://doi.org/10.1016/j.nanoen.2021.106426


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 330 有机化学研究 
 

Manipulating Redox Kinetics of Sulfur Species Using Mott-Schottky Electrocatalysts for Advanced Lithium-Sulfur 
Batteries. Nano Letters, 21, 6656-6663. https://doi.org/10.1021/acs.nanolett.1c02161 

[62] Su, L., Zhang, J., Chen, Y., Yang, W., Wang, J., Ma, Z., Shao, G. and Wang, G. (2021) Cobalt-Embedded Hierarchi-
cally-Porous Hollow Carbon Microspheres as Multifunctional Confined Reactors for High-Loading Li-S Batteries. 
Nano Energy, 85, Article ID: 105981. https://doi.org/10.1016/j.nanoen.2021.105981 

[63] Yuan, C., Zeng, P., Cheng, C., Yan, T., Liu, G., Wang, W., Hu, J., Li, X., Zhu, J. and Zhang, L. (2021) Boosting the 
Rate Performance of Li-S Batteries via Highly Dispersed Cobalt Nanoparticles Embedded into Nitrogen-Doped Hie-
rarchical Porous Carbon. CCS Chemistry, 4, 2826-2841. https://doi.org/10.31635/ccschem.021.202101214 

[64] Zhao, T., Chen, J., Yuan, M., Dai, K., Zhang, J., Li, S., He, H., Liu, Z. and Zhang, G. (2021) Local Charge Rear-
rangement to Boost the Chemical Adsorption and Catalytic Conversion of Polysulfides for High-Performance Li-
thium-Sulfur Batteries. Journal of Materials Chemistry A, 9, 7566-7574. https://doi.org/10.1039/D0TA11880J 

[65] Zhang, K., Cai, W., Liu, Y., Hu, G., Hu, W., Kong, Y., Zhang, X., Wang, L. and Li, G. (2022) Nitrogen-Doped Carbon 
Embedded with Ag Nanoparticles for Bidirectionally-Promoted Polysulfide Redox Electrochemistry. Chemical Engi-
neering Journal, 427, Article ID: 130897. https://doi.org/10.1016/j.cej.2021.130897 

[66] Cao, X., Zhang, M., Zhu, F. and Zhang, X. (2022) Fabrication and Characterization of N-Doped Porous Carbon Co-Fe 
Alloy Composite Cathode Materials for Promoting the Electrochemical Performance of Li-S Batteries. Journal of Al-
loys and Compounds, 895, Article ID: 162609. https://doi.org/10.1016/j.jallcom.2021.162609 

[67] Hu, Y., Cheng, C., Yan, T., Liu, G., Yuan, C., Yan, Y., Gu, Z., Zeng, P., Zheng, L., Zhang, J. and Zhang, L. (2021) 
Catalyzing Polysulfide Redox Conversion for Promoting the Electrochemical Performance of Lithium-Sulfur Batteries 
by CoFe Alloy. Chemical Engineering Journal, 421, Article ID: 129997. https://doi.org/10.1016/j.cej.2021.129997 

[68] He, J., Bhargav, A. and Manthiram, A. (2021) High-Energy-Density, Long-Life Lithium-Sulfur Batteries with Practi-
cally Necessary Parameters Enabled by Low-Cost Fe-Ni Nanoalloy Catalysts. ACS Nano, 15, 8583-8591.  
https://doi.org/10.1021/acsnano.1c00446 

[69] Zhou, H., Zhang, X., Zou, M., Gu, S., Cai, Y. and Hong, X. (2021) MOF-Derived Bimetal ZnPd Alloy as a Separator 
Coating with Fast Catalysis of Lithium Polysulfides for Li-S Batteries. ACS Applied Energy Materials, 4, 13183-13190.  
https://doi.org/10.1021/acsaem.1c02797 

[70] Xu, H., Hu, R., Zhang, Y., Yan, H., Zhu, Q., Shang, J. and Li, B. (2021) Nano High-Entropy Alloy with Strong Affin-
ity Driving Fast Polysulfide Conversion towards Stable Lithium Sulfur Batteries. Energy Storage Materials, 43, 
212-220. https://doi.org/10.1016/j.ensm.2021.09.003 

[71] Fang, D., Wang, Y., Qian, C., Liu, X., Wang, X., Chen, S. and Zhang, S. (2019) Synergistic Regulation of Polysulfides 
Conversion and Deposition by MOF-Derived Hierarchically Ordered Carbonaceous Composite for High-Energy Li-
thium-Sulfur Batteries. Advanced Functional Materials, 29, Article ID: 1900875.  
https://doi.org/10.1002/adfm.201900875 

[72] Qiao, Z., Zhou, F., Zhang, Q., Pei, F., Zheng, H., Xu, W., Liu, P., Ma, Y., Xie, Q., Wang, L., Fang, X. and Peng, D. 
(2019) Chemisorption and Electrocatalytic Effect from CoxSny Alloy for High Performance Lithium Sulfur Batteries. 
Energy Storage Materials, 23, 62-71. https://doi.org/10.1016/j.ensm.2019.05.032 

[73] Chen, Y., Wang, T., Tian, H., Su, D., Zhang, Q. and Wang, G. (2021) Advances in Lithium-Sulfur Batteries: From 
Academic Research to Commercial Viability. Advanced Materials, 33, Article ID: 2003666.  
https://doi.org/10.1002/adma.202003666 

[74] Wang, P., Xi, B., Huang, M., Chen, W., Feng, J. and Xiong, S. (2021) Emerging Catalysts to Promote Kinetics of Li-
thium-Sulfur Batteries. Advanced Energy Materials, 11, Article ID: 2002893. https://doi.org/10.1002/aenm.202002893 

[75] Li, Z., Wu, J., Chen, P., Zeng, Q., Wen, X., Wen, W., Liu, Y., Chen, A., Guan, J., Liu, X., Liu, W., Zhou, H. and 
Zhang, L. (2022) A New Metallic Composite Cathode Originated form Hyperbranched Polymer Coated MOF for 
High-Performance Lithium-Sulfur Batteries. Chemical Engineering Journal, 435, Article ID: 135125.  
https://doi.org/10.1016/j.cej.2022.135125 

[76] Gu, L., Gao, J., Wang, C., Qiu, S., Wang, K., Gao, X., Sun, K., Zuo, P. and Zhu, X. (2020) Thin-Carbon- 
Layer-Enveloped Cobalt-Iron Oxide Nanocages as a High-Efficiency Sulfur Container for Li-S Batteries. Journal of 
Materials Chemistry A, 8, 20604-20611. https://doi.org/10.1039/D0TA07579E 

[77] Peng, H., Zhang, Y., Chen, Y., Zhang, J., Jiang, H., Chen, X., Zhang, Z., Zeng, Y., Sa, B., Wei, Q., Lin, J. and Guo, H. 
(2020) Reducing Polarization of Lithium-Sulfur Batteries via ZnS/Reduced Graphene Oxide Accelerated Lithium Po-
lysulfide Conversion. Materials Today Energy, 18, Article ID: 100519. https://doi.org/10.1016/j.mtener.2020.100519 

[78] Wang, X., Zhao, X., Ma, C., Yang, Z., Chen, G., Wang, L., Yue, H., Zhang, D. and Sun, Z. (2020) Electrospun Carbon 
Nanofibers with MnS Sulfiphilic Sites as Efficient Polysulfide Barriers for High-Performance Wide-Temperature- 
Range Li-S Batteries. Journal of Materials Chemistry A, 8, 1212-1220.  
https://doi.org/10.1039/C9TA12137D 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1021/acs.nanolett.1c02161
https://doi.org/10.1016/j.nanoen.2021.105981
https://doi.org/10.31635/ccschem.021.202101214
https://doi.org/10.1039/D0TA11880J
https://doi.org/10.1016/j.cej.2021.130897
https://doi.org/10.1016/j.jallcom.2021.162609
https://doi.org/10.1016/j.cej.2021.129997
https://doi.org/10.1021/acsnano.1c00446
https://doi.org/10.1021/acsaem.1c02797
https://doi.org/10.1016/j.ensm.2021.09.003
https://doi.org/10.1002/adfm.201900875
https://doi.org/10.1016/j.ensm.2019.05.032
https://doi.org/10.1002/adma.202003666
https://doi.org/10.1002/aenm.202002893
https://doi.org/10.1016/j.cej.2022.135125
https://doi.org/10.1039/D0TA07579E
https://doi.org/10.1016/j.mtener.2020.100519
https://doi.org/10.1039/C9TA12137D


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 331 有机化学研究 
 

[79] Cai, D., Liu, B., Zhu, D., Chen, D., Lu, M., Cao, J., Wang, Y., Huang, W., Shao, Y., Tu, H. and Han, W. (2020) Ultra-
fine Co3Se4 Nanoparticles in Nitrogen-Doped 3D Carbon Matrix for High-Stable and Long-Cycle-Life Lithium Sulfur 
Batteries. Advanced Energy Materials, 10, Article ID: 1904273. https://doi.org/10.1002/aenm.202070088 

[80] Yao, Y., Chang, C., Sun, H., Guo, D., Li, R., Pu, X. and Zhai, J. (2022) Hollow Ni3Se4 with High Tap Density as a 
Carbon-Free Sulfur Immobilizer to Rrealize High Volumetric and Gravimetric Capacity for Lithium-Sulfur Batteries. 
ACS Applied Materials & Interfaces, 14, 25267-25277. https://doi.org/10.1021/acsami.2c01951 

[81] Shen, Z., Zhang, Z., Li, M., Yuan, Y., Zhao, Y., Zhang, S., Zhong, C., Zhu, J., Lu, J. and Zhang, H. (2020) Rational 
Design of a Ni3N0.85 Electrocatalyst to Accelerate Polysulfide Conversion in Lithium-Sulfur Batteries. ACS Nano, 14, 
6673-6682. https://doi.org/10.1021/acsnano.9b09371 

[82] Zhang, H., Dai, R., Zhu, S., Zhou, L., Xu, Q. and Min, Y. (2022) Bimetallic Nitride Modified Separator Constructs In-
ternal Electric Field for High-Performance Lithium-Sulfur Battery. Chemical Engineering Journal, 429, Article ID: 
132454. https://doi.org/10.1016/j.cej.2021.132454 

[83] Li, Y., Xu, P., Chen, G., Mou, J., Xue, S., Li, K., Zheng, F., Dong, Q., Hu, J., Yang, C. and Liu, M. (2020) Enhancing 
Li-S Redox Kinetics by Fabrication of a Three Dimensional Co-CoP@Nitrogen-Doped Carbon Electrocatalyst. Chem-
ical Engineering Journal, 380, Article ID: 122595. https://doi.org/10.1016/j.cej.2019.122595 

[84] Ye, Z., Jiang, Y., Feng, T., Wang, Z., Li, L., Wu, F. and Chen, R. (2020) Curbing Polysulfide Shuttling by Synergistic 
Engineering Layer Composed of Supported Sn4P3 Nanodots Electrocatalyst in Lithium-Sulfur Batteries. Nano Energy, 
70, Article ID: 104532. https://doi.org/10.1016/j.nanoen.2020.104532 

[85] Weng, W., Xiao, J., Shen, Y. and Liang, X. (2021) Molten Salt Electrochemical Modulation of Iron-Carbon-Nitrogen 
for Lithium-Sulfur Batteries. Angewandte Chemie International Edition, 60, 24905-24909.  
https://doi.org/10.1002/anie.202111707 

[86] Wang, S., Liu, X., Duan, H., Deng, Y. and Chen, G. (2021) Fe3C/Fe Nanoparticles Embedded in N-Doped Porous 
Carbon Nanosheets and Graphene: A Thin Functional Interlayer for PP Separator to Boost Performance of Li-S Batte-
ries. Chemical Engineering Journal, 415, Article ID: 129001. https://doi.org/10.1016/j.cej.2021.129001 

[87] Wang, B., Wang, L., Zhang, B., Kong, Z., Zeng, S., Zhao, M., Qian, Y. and Xu, L. (2022) Ultrafine Zirconium Boride 
Nanoparticles Constructed Bidirectional Catalyst for Ultrafast and Long-Lived Lithium-Sulfur Batteries. Energy Sto-
rage Materials, 45, 130-141. https://doi.org/10.1016/j.ensm.2021.11.039 

[88] Li, Z., Li, P., Meng, X., Lin, Z. and Wang, R. (2021) The Interfacial Electronic Engineering in Binary Sulfiphilic Co-
balt Boride Heterostructure Nanosheets for Upgrading Energy Density and Longevity of Lithium-Sulfur Batteries. Ad-
vanced Materials, 33, Article ID: 2102338. https://doi.org/10.1002/adma.202102338 

[89] Zhou, Z., Chen, Z., Lv, H., Zhao, Y., Wei, H., Chen, B. and Wang, Y. (2022) A Hollow Co0.12Ni1.88S2/NiO Hetero-
structure that Synergistically Facilitates Lithium Polysulfide Adsorption and Conversion for Lithium-Sulfur Batteries. 
Energy Storage Materials, 51, 486-499. https://doi.org/10.1016/j.ensm.2022.07.001 

[90] Xu, Z., Wang, Z., Wang, M., Cui, H., Liu, Y., Wei, H. and Li, J. (2021) Large-Scale Synthesis of Fe9S10/Fe3O4@C 
Heterostructure as Integrated Trapping-Catalyzing Interlayer for Highly Efficient Lithium-Sulfur Batteries. Chemical 
Engineering Journal, 422, Article ID: 130049. https://doi.org/10.1016/j.cej.2021.130049 

[91] Wang, Y., Xu, L., Zhan, L., Yang, P., Tang, S., Liu, M., Zhao, X., Xiong, Y., Chen, Z. and Lei, Y. (2022) Electron 
Accumulation Enables Bi Efficient CO2 Reduction for Formate Production to Boost Clean Zn-CO2 Batteries. Nano 
Energy, 92, Article ID: 106780. https://doi.org/10.1016/j.nanoen.2021.106780 

[92] Cheng, Z., Wang, Y., Zhang, W. and Xu, M. (2021) Correction to Boosting Polysulfide Conversionin Lithium-Sulfur 
Batteries by Cobalt-Doped Vanadium Nitride Microflowers. ACS Applied Energy Materials, 4, 6375.  
https://doi.org/10.1021/acsaem.1c01371 

[93] Wang, L., Zhang, M., Zhang, B., Wang, B., Dou, J., Kong, Z., Wang, C., Sun, X., Qian, Y. and Xu, L. (2021) A Porous 
Polycrystalline NiCo2Px as a Highly Efficient Host for Sulfur Cathodes in Li-S Batteries. Journal of Materials Chemi-
stry A, 9, 23149-23156. https://doi.org/10.1039/D1TA06249B 

[94] Wang, Y., Liu, B., Liu, Y., Song, C., Wang, W., Li, W., Feng, Q. and Lei, Y. (2020) Accelerating Charge Transfer to 
Enhance H2 Evolution of Defect-rich CoFe2O4 by Constructing a Schottky Junction. Chemical Communications, 56, 
14019-14022. https://doi.org/10.1039/D0CC05656A 

[95] Lu, Y., Qin, J., Shen, T., Yu, Y., Chen, K., Hu, Y., Liang, J., Gong, M., Zhang, J. and Wang, D. (2021) Hypercros-
slinked Polymerization Enabled N-Doped Carbon Confined Fe2O3 Facilitating Li Polysulfides Interface Conversion for 
Li-S Batteries. Advanced Energy Materials, 11, Article ID: 2101780. https://doi.org/10.1002/aenm.202101780 

[96] Kim, Y., Noh, Y., Bae, J., Ahn, H., Kim, M. and Kim, W. (2021) N-Doped Carbon-Embedded TiN Nanowires as a 
Multifunctional Separator for Li-S Batteries with Enhanced Rate Capability and Cycle Stability. Journal of Energy 
Chemistry, 57, 10-18. https://doi.org/10.1016/j.jechem.2020.08.050 

[97] Shao, A., Zhang, X., Zhang, Q., Li, X., Wu, Y., Zhang, Z., Yu, J. and Yang, Z. (2021) Ultrathin Nanosheet-Assembled 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1002/aenm.202070088
https://doi.org/10.1021/acsami.2c01951
https://doi.org/10.1021/acsnano.9b09371
https://doi.org/10.1016/j.cej.2021.132454
https://doi.org/10.1016/j.cej.2019.122595
https://doi.org/10.1016/j.nanoen.2020.104532
https://doi.org/10.1002/anie.202111707
https://doi.org/10.1016/j.cej.2021.129001
https://doi.org/10.1016/j.ensm.2021.11.039
https://doi.org/10.1002/adma.202102338
https://doi.org/10.1016/j.ensm.2022.07.001
https://doi.org/10.1016/j.cej.2021.130049
https://doi.org/10.1016/j.nanoen.2021.106780
https://doi.org/10.1021/acsaem.1c01371
https://doi.org/10.1039/D1TA06249B
https://doi.org/10.1039/D0CC05656A
https://doi.org/10.1002/aenm.202101780
https://doi.org/10.1016/j.jechem.2020.08.050


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 332 有机化学研究 
 

Flowerlike NiSe2 Catalyst Boosts Sulfur Redox Reaction Kinetics for Li-S Batteries. ACS Applied Energy Materials, 4, 
3431-3438. https://doi.org/10.1021/acsaem.0c03189 

[98] Wang, X., Deng, N., Liu, Y., Wei, L., Wang, H., Li, Y., Cheng, B. and Kang, W. (2022) Porous and Heterostructured 
Molybdenum-Based Phosphide and Oxide Nanobelts Assisted by the Structural Engineering to Enhance Polysulfide 
Anchoring and Conversion for Lithium-Sulfur Batteries. Chemical Engineering Journal, 450, Article ID: 138191.  
https://doi.org/10.1016/j.cej.2022.138191 

[99] Chen, K., Zhang, G., Xiao, L., Li, P., Li, W., Xu, Q. and Xu, J. (2021) Polyaniline Encapsulated Amorphous V2O5 
Nanowire-Modified Multi-Functional Separators for Lithium-Sulfur Batteries. Small Methods, 5, Article ID: 2001056.  
https://doi.org/10.1002/smtd.202001056 

[100] Han, J., Fu, Q., Xi, B., Ni, X., Yan, C., Feng, J. and Xiong, S. (2021) Loading Fe3O4 Nanoparticles on Paper-Derived 
Carbon Scaffold Toward Advanced Lithium-Sulfur Batteries. Journal of Energy Chemistry, 52, 1-11.  
https://doi.org/10.1016/j.jechem.2020.04.002 

[101] Tian, Y., Wei, Z., Li, F., Li, S., Shao, L., He, M., Sun, P. and Li, Y. (2022) Enhanced Multiple Anchoring and Catalyt-
ic Conversion of Polysulfides by SnO2-Decorated MoS2 Hollow Microspheres for High-Performance Lithium-Sulfur 
Batteries. Journal of Materials Science & Technology, 100, 216-223. https://doi.org/10.1016/j.jmst.2021.06.002 

[102] Li, N., Ma, H., Wang, L., Zhao, Y., Bakenov, Z. and Wang, X. (2021) Dealloying-Derived Nanoporous Deficient Tita-
nium Oxide as High-Performance Bifunctional Sulfur Host-Catalysis Material in Lithium-Sulfur Battery. Journal of 
Materials Science & Technology, 84, 124-132. https://doi.org/10.1016/j.jmst.2020.11.073 

[103] Yin, C., Li, Q., Zheng, J., Ni, Y., Wu, H., Kjøniksen, A., Liu, C., Lei, Y. and Zhang, Y. (2022) Progress in Regulating 
Electronic Structure Strategies on Cu-Based Bimetallic Catalysts for CO2 Reduction Reaction. Advanced Powder Ma-
terials, 1, Article ID: 100055. https://doi.org/10.1016/j.apmate.2022.100055 

[104] Hou, W., Feng, P., Guo, X., Wang, Z., Bai, Z., Bai, Y., Wang, G. and Sun, K. (2022) Catalytic Mechanism of Oxygen 
Vacancies in Perovskite Oxides for Lithium-Sulfur Batteries. Advanced Materials, 34, Article ID: 2202222.  
https://doi.org/10.1002/adma.202202222 

[105] Gueon, D., Kim, T., Lee, J. and Moon, J. (2022) Exploring the Janus Structure to Improve Kinetics in Sulfur Conver-
sion of Li-S Batteries. Nano Energy, 95, Article ID: 106980. https://doi.org/10.1016/j.nanoen.2022.106980 

[106] He, Z., Wan, T., Luo, Y., Liu, G., Wu, L., Li, F., Zhang, Z., Li, G. and Zhang, Y. (2022) Three-Dimensional Structural 
Confinement Design of Conductive Metal Oxide for Efficient Sulfur Host in Lithium-Sulfur Batteries. Chemical Engi-
neering Journal, 448, Article ID: 137656. https://doi.org/10.1016/j.cej.2022.137656 

[107] Liu, M., Jhulki, S., Sun, Z., Magasinski, A., Hendrix, C. and Yushin, G. (2021) Atom-Economic Synthesis of Magnéli 
Phase Ti4O7 Microspheres for Improved Sulfur Cathodes in Li-S Batteries. Nano Energy, 79, Article ID: 105428.  
https://doi.org/10.1016/j.nanoen.2020.105428 

[108] Li, R., Rao, D., Zhou, J., Wu, G., Wang, G., Zhu, Z., Han, X., Sun, R., Li, H., Wang, C., Yan, W., Zheng, X., Cui, P., 
Wu, Y., Wang, G. and Hong, X. (2021) Amorphization-Induced Surface Eelectronic Sates Modulation of Cobaltous 
Oxide Nanosheets for Lithium-Sulfur Batteries. Nature Communications, 12, Article No. 3102.  
https://doi.org/10.1038/s41467-021-23349-9 

[109] Sun, T., Zhao, X., Li, B., Shu, H., Luo, L., Xia, W., Chen, M., Zeng, P., Yang, X., Gao, P., Pei, Y. and Wang, X. (2021) 
NiMoO4 Nanosheets Anchored on N-S Doped Carbon Clothes with Hierarchical Structure as a Bidirectional Catalyst 
toward Accelerating Polysulfides Conversion for Li-S Battery. Advanced Functional Materials, 31, Article ID: 
2101285. https://doi.org/10.1002/adfm.202101285 

[110] Li, N., Meng, T., Ma, L., Zhang, H., Yao, J., Xu, M., Li, C. and Jiang, J. (2020) Curtailing Carbon Usage with Addi-
tion of Functionalized NiFe2O4 Quantum Dots: Toward More Practical S Cathodes for Li-S Cells. Nano-Micro Letters, 
12, Article No. 145. https://doi.org/10.1007/s40820-020-00484-4 

[111] Hu, S., Yi, M., Wu, H., Wang, T., Ma, X., Liu, X. and Zhang, J. (2022) Ionic-Liquid-Assisted Synthesis of N, F, and B 
Co-Doped CoFe2O4−x on Multiwalled Carbon Nanotubes with Enriched Oxygen Vacancies for Li-S Batteries. Ad-
vanced Functional Materials, 32, Article ID: 2111084. https://doi.org/10.1002/adfm.202111084 

[112] Cheng, H., Zhang, S., Li, S., Gao, C., Zhao, S., Lu, Y. and Wang, M. (2022) Engineering Fe and V Coordinated Bime-
tallic Oxide Nanocatalyst Enables Enhanced Polysulfides Mediation for High Energy Density Li-S Battery. Small, 18, 
Article ID: 2202557. https://doi.org/10.1002/smll.202202557 

[113] Li, Z., Zhang, Q., Hencz, L., Liu, J., Kaghazchi, P., Han, J., Wang, L. and Zhang, S. (2021) Multifunctional Ca-
tion-Vacancy-Rich ZnCo2O4 Polysulfide-Blocking Layer for Ultrahigh-Loading Li-S Battery. Nano Energy, 89, Article 
ID: 106331. https://doi.org/10.1016/j.nanoen.2021.106331 

[114] Sun, W., Lu, Y. and Huang, Y. (2021) An Effective Sulfur Conversion Catalyst Based on MnCo2O4.5 Modified Gra-
phitized Carbon Nitride Nanosheets for High-Performance Li-S Batteries. Journal of Materials Chemistry A, 9, 
21184-21196. https://doi.org/10.1039/D1TA04111H 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1021/acsaem.0c03189
https://doi.org/10.1016/j.cej.2022.138191
https://doi.org/10.1002/smtd.202001056
https://doi.org/10.1016/j.jechem.2020.04.002
https://doi.org/10.1016/j.jmst.2021.06.002
https://doi.org/10.1016/j.jmst.2020.11.073
https://doi.org/10.1016/j.apmate.2022.100055
https://doi.org/10.1002/adma.202202222
https://doi.org/10.1016/j.nanoen.2022.106980
https://doi.org/10.1016/j.cej.2022.137656
https://doi.org/10.1016/j.nanoen.2020.105428
https://doi.org/10.1038/s41467-021-23349-9
https://doi.org/10.1002/adfm.202101285
https://doi.org/10.1007/s40820-020-00484-4
https://doi.org/10.1002/adfm.202111084
https://doi.org/10.1002/smll.202202557
https://doi.org/10.1016/j.nanoen.2021.106331
https://doi.org/10.1039/D1TA04111H


钱思逸，钱涛 
 

 

DOI: 10.12677/jocr.2023.114030 333 有机化学研究 
 

[115] Li, Z., Zhou, C., Hua, J., Hong, X., Sun, C., Li, H., Xu, X. and Mai, L. (2020) Engineering Oxygen Vacancies in a Po-
lysulfide-Blocking Layer with Enhanced Catalytic Ability. Advanced Materials, 32, Article ID: 1907444.  
https://doi.org/10.1002/adma.201907444 

[116] Chen, M., Jiang, S., Huang, C., Xia, J., Wang, X., Xiang, K., Zeng, P., Zhang, Y. and Jamil, S. (2018) Synergetic Ef-
fects of Multifunctional Composites with More Efficient Polysulfide Immobilization and Ultrahigh Sulfur Content in 
Lithium-Sulfur Batteries. ACS Applied Materials & Interfaces, 10, 13562-13572.  
https://doi.org/10.1021/acsami.8b02029 

[117] Tao, X., Wang, J., Ying, Z., Cai, Q., Zheng, G., Gan, Y., Huang, H., Xia, Y., Liang, C., Zhang, W. and Cui, Y. (2014) 
Strong Sulfur Binding with Conducting Magnéli-Phase TinO2n−1 Nanomaterials for Improving Lithium-Sulfur Batte-
ries. Nano Letters, 14, 5288-5294. https://doi.org/10.1021/nl502331f 

[118] Guo, B., Ma, Q., Zhang, L., Yang, T., Liu, D., Zhang, X., Qi, Y., Bao, S. and Xu, M. (2021) Yolk-Shell Porous Carbon 
Spheres@CoSe2 Nanosheets as Multilayer Defenses System of Polysulfide for Advanced Li-S Batteries. Chemical En-
gineering Journal, 413, Article ID: 127521. https://doi.org/10.1016/j.cej.2020.127521 

[119] Fan, C., Zheng, Y., Zhang, X., Shi, Y., Liu, S., Wang, H., Wu, X., Sun, H. and Zhang, J. (2018) High-Performance and 
Low-Temperature Lithium-Sulfur Batteries: Synergism of Thermodynamic and Kinetic Regulation. Advanced Energy 
Materials, 8, Article ID: 1703638. https://doi.org/10.1002/aenm.201703638 

[120] Su, H., Lu, L., Yang, M., Cai, F., Liu, W., Li, M., Hu, X., Ren, M., Zhang, X. and Zhou, Z. (2022) Decorating CoSe2 
on N-Doped Carbon Nanotubes as Catalysts and Efficient Polysulfides Traps for Li-S Batteries. Chemical Engineering 
Journal, 429, Article ID: 132167. https://doi.org/10.1016/j.cej.2021.132167 

[121] Sun, W., Li, Y., Liu, S., Liu, C., Tan, X. and Xie, K. (2021) Mechanism Investigation of Iron Selenide as Polysulfide 
Mediator for Long-Life Lithium-Sulfur Batteries. Chemical Engineering Journal, 416, Article ID: 129166.  
https://doi.org/10.1016/j.cej.2021.129166 

[122] Wang, B., Sun, D., Ren, Y., Zhou, X., Ma, Y., Tang, S. and Meng, X. (2022) MOFs Derived ZnSe/N-Doped Carbon 
Nanosheets as Multifunctional Interlayers for Ultralong-Life Lithium-Sulfur Batteries. Journal of Materials Science & 
Technology, 125, 97-104. https://doi.org/10.1016/j.jmst.2022.02.030 

[123] Wu, D., Shi, F., Zhou, G., Zu, C., Liu, C., Liu, K., Liu, Y., Wang, J., Peng, Y. and Cui, Y. (2018) Quantitative Investi-
gation of Polysulfide Adsorption Capability of Candidate Materials in Li-S Batteries. Energy Storage Materials, 13, 
241-246. https://doi.org/10.1016/j.ensm.2018.01.020 

[124] Zhong, Y., Yin, L., He, P., Liu, W., Wu, Z. and Wang, H. (2018) Surface Chemistry in Cobalt Phosphide-Stabilized 
Lithium-Sulfur Batteries. Journal of the American Chemical Society, 140, 1455-1459.  
https://doi.org/10.1021/jacs.7b11434 

[125] Yu, B., Ma, F., Chen, D., Srinivas, K., Zhang, X., Wang, X., Wang, B., Zhang, W., Wang, Z., He, W. and Chen, Y. 
(2021) MoP QDs@graphene as Highly Efficient Electrocatalyst for Polysulfide Conversion in Li-S Batteries. Journal 
of Materials Science & Technology, 90, 37-44. https://doi.org/10.1016/j.jmst.2021.04.001 

[126] Li, W., Chen, K., Xu, Q., Li, X., Zhang, Q., Wen, J. and Xu, J. (2021) Mo2C/C Hierarchical Double-Shelled Hollow 
Spheres as Sulfur Host for Advanced Li-S Batteries. Angewandte Chemie International Edition, 60, 21512-21520.  
https://doi.org/10.1002/anie.202108343 

[127] Zhang, Y., Zhang, P., Li, B., Zhang, S., Liu, K., Hou, R., Zhang, X., Silva, S. and Shao, G. (2020) Vertically Aligned 
Graphene Nanosheets on Multiyolk/Shell Structured TiC@C Nanofibers for Stable Li-S Batteries. Energy Storage 
Materials, 27, 159-168. https://doi.org/10.1016/j.ensm.2020.01.029 

[128] Hong, X., Song, C., Wu, Z., Li, Z., Cai, Y., Wang, C. and Wang, H. (2021) Sulfophilic and Lithophilic Sites in Bimetal 
Nickel-Zinc Carbide with Fast Conversion of Polysulfides for High-Rate Li-S Battery. Chemical Engineering Journal, 
404, Article ID: 126566. https://doi.org/10.1016/j.cej.2020.126566 

[129] Balach, J., Linnemann, J., Jaumann, T., Giebeler, L., et al. (2018) Metal-Based Nanostructured Materials for Aad-
vanced Lithium-Sulfur Batteries. Journal of Materials Chemistry A, 6, 23127-23168.  
https://doi.org/10.1039/C8TA07220E 

[130] Ai, X., Zou, X., Chen, H., Su, Y., Feng, X., Li, Q., Liu, Y., Zhang, Y. and Zou, X. (2020) Transition-Metal-Boron In-
termetallics with Strong Interatomic d-sp Orbital Hybridization for High-Performance Electrocatalysis. Angewandte 
Chemie International Edition, 59, 3961-3965. https://doi.org/10.1002/anie.201915663 

[131] He, J., Bhargav, A. and Manthiram, A. (2020) Molybdenum Boride Asan Efficient Catalyst for Polysulfide Redox to 
Enable High-Energy-Density Lithium-Sulfur-Batteries. Advanced Materials, 32, Article ID: 2004741.  
https://doi.org/10.1002/adma.202004741 

https://doi.org/10.12677/jocr.2023.114030
https://doi.org/10.1002/adma.201907444
https://doi.org/10.1021/acsami.8b02029
https://doi.org/10.1021/nl502331f
https://doi.org/10.1016/j.cej.2020.127521
https://doi.org/10.1002/aenm.201703638
https://doi.org/10.1016/j.cej.2021.132167
https://doi.org/10.1016/j.cej.2021.129166
https://doi.org/10.1016/j.jmst.2022.02.030
https://doi.org/10.1016/j.ensm.2018.01.020
https://doi.org/10.1021/jacs.7b11434
https://doi.org/10.1016/j.jmst.2021.04.001
https://doi.org/10.1002/anie.202108343
https://doi.org/10.1016/j.ensm.2020.01.029
https://doi.org/10.1016/j.cej.2020.126566
https://doi.org/10.1039/C8TA07220E
https://doi.org/10.1002/anie.201915663
https://doi.org/10.1002/adma.202004741

	锂硫电池硫还原反应金属催化剂的研究进展
	摘  要
	关键词
	Research Progr ess of Metal Catalysts for Sulfur Reduction of Lithium Sulfur Batteries
	Abstract
	Keywords
	1. 引言
	2. 金属单原子催化剂
	2.1. 金属单原子Fe
	2.2. 金属单原子Co
	2.3. 其他金属单原子

	3. 金属纳米催化剂
	3.1. 金属Co
	3.2. 其他金属纳米催化剂
	3.3. 纳米合金

	4. 金属化合物催化剂
	4.1. 金属氧化物
	4.2. 金属硫化物
	4.3. 金属硒化物
	4.4. 金属氮化物
	4.5. 金属磷化物
	4.6. 金属碳化物
	4.7. 金属硼化物

	5. 总结与展望
	基金项目
	参考文献

