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于此，本文以华南农业大学为例，介绍其基础实验

与实践训练中心（以下简称“中心”）在国家“双

一流”建设背景下，开展物理化学实验课程思政建

设的初步探索，以期进一步增强物理化学实验课程

教学的育人效果，为其他实验课程思政建设提供借

鉴和参考。

1  构建物理化学实验课程思政体系

思政教育与物理化学实验课程教学应该以何种

方式结合起来，目前还缺少适配的指导体系。因此，

需要对课程思政建设进行统筹规划，对物理化学实

验课程思政育人目标进行挖掘和细化，不断探究和

拓展实施课程思政建设的途径，挖掘出色、典型的

思政建设案例，达到春风化雨、润物无声的育人

效果。

1.1  组建实验课程思政教学团队

各学院和中心要出台相关政策和制度，积极鼓

励、引导物理化学实验任课教师与中心实验技术人

员加入课程思政队伍，并吸纳专业思政课程教师，

由此形成物理化学实验课程思政教学团队，确保课

程思政工作的顺利开展和持续深化。团队教师不仅

需要具备扎实的学术素养和教学水平，更需要具备

较高的思政能力和素养。因此，团队成员需要不断

提升思政理论水平，加强对国家政策、社会热点和

时事问题的学习和了解，以更好地进行课程思政教

学。此外，还需要加强团队协作和沟通，促进教师

之间的交流与合作。团队成员可以通过共同备课、

定期研讨、交流经验等方式相互学习、相互借鉴，

不断提升教学水平和思政水平 [4]。

1.2  完善实验教学大纲

首先，审视实验教学大纲的编写，将课程目标

明确为不只是传授知识和技能，更要培养学生的思

想品德和社会责任感。其次，针对物理化学实验的

特点和目的，对实验内容、方法、要求等进行细致

梳理和精心设计。在此过程中，注重强调实验过程

中的安全意识、团队合作精神、科学严谨性等方面，

培养学生的品德修养和社会责任感。同时，将课程

内容与时事热点、社会问题相结合，引导学生思考
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0  引言

“双一流”建设即建设世界一流大学和世界一

流学科，是我国在新的历史时期为整体提升人才培

养水平、增强我国在国际上的核心竞争力和未来发

展的驱动力作出的重要决策。在 2016 年 12 月召开

的全国高校思想政治工作会议上，习近平总书记强

调：要坚持把立德树人作为中心环节，把思想政治

工作贯穿教育教学全过程，实现全程育人、全方位

育人，努力开创我国高等教育事业发展新局面 [3]。

华南农业大学是一所以农立校的综合性大学，始终

将立德树人作为立校之本，着力培养适应时代发

展、担当民族复兴大任的高素质人才，并于 2022

年入选国家“双一流”建设高校。将课程思政理念

融入课程教学，是在“双一流”建设背景下高校把

握教育改革发展的正确方向、提升教师教书育人水

平、提高人才培养质量的制胜一招。 

物理化学实验课程包括物理化学实验基本知

识、热力学、动力学、电化学、表面化学和胶体化

学等相关内容，兼具科学性和实用性。物理化学涉

及的概念较为抽象，常常涉及复杂的数学运算和推

导，对实验操作技巧要求较高。且物理化学作为一

门综合性学科，知识面广、深度大，对教师教学和

学生学习都提出挑战。这导致一些教师在授课过程

中偏向于讲解理论原理、仪器设备的操作和数据的

分析处理等方面，而忽视学生的思想政治教育。基
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各学院和中心要出台相关政策和制度，积极鼓

励、引导物理化学实验任课教师与中心实验技术人

员加入课程思政队伍，并吸纳专业思政课程教师，

由此形成物理化学实验课程思政教学团队，确保课

程思政工作的顺利开展和持续深化。团队教师不仅

需要具备扎实的学术素养和教学水平，更需要具备

较高的思政能力和素养。因此，团队成员需要不断

提升思政理论水平，加强对国家政策、社会热点和

时事问题的学习和了解，以更好地进行课程思政教

学。此外，还需要加强团队协作和沟通，促进教师

之间的交流与合作。团队成员可以通过共同备课、

定期研讨、交流经验等方式相互学习、相互借鉴，
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科学技术与社会发展的关系，激发学生的社会责任

感和创新意识。经过专业思政教师的指导，通过集

体备课、优化教学案例等方法，不断完善教学大纲，

探索课程思政在物理化学实验课中的实施形式和

方法 [5]。

1.3  运用合适的教学方法与手段

在课程思政开展过程中应注重灵活运用恰当的

教学方法与手段。教师应注重以学生为本，并根据

物理化学实验教学内容与时俱进地完善与优化实验

教学方法，例如：可以采用启发式教学法，通过设

计具有启发性的实验操作和问题，引导学生主动探

索、发现知识；可以利用案例教学法，引入生动的

案例和实践情境，让学生在实验中感受科学知识与

社会现实的联系，培养学生的社会责任感和实践能

力；还可以采用小组讨论、角色扮演、反思性讨论

等多种教学方法，增强学生的思辨能力和创新意识，

引导学生深入思考并形成独立见解。

随着信息技术的发展，许多先进的教学手段应

运而生，如慕课、微课、虚拟仿真教学等，这些教

学手段提供了更加便捷和灵活的学习途径，满足了

学生个性化的学习需求，有利于学生产生情感共鸣，

进而增强课程思政效果。中心搭建了线上实验教学

平台，旨在为学生提供更为便捷、灵活的学习环境

以及丰富的学习资源和支持。学生还可以将每次实

验课后的心得体会上传至平台，便于教师根据学生

的心得体会及时了解学生在物理化学实验学习中的

思想动态，不断优化课程思政的实施策略，提高思

政教育工作的针对性和科学化水平，进一步促进课

程思政目标的实现。

1.4  建立健全评价机制

首先，重新审视现有的评价指标和权重分配，

将德育考核纳入其中。增加对学生思想品德、社会

责任感、团队合作精神等方面的评价指标，并适当

提高其在评价体系中的权重，在平时表现、实验报

告和期末考试中增加对学生思政素养的评价内容。

例如：可以针对实验报告中学生对科学道德、社会

影响、环境保护等方面的思考和表达，以及在实验

操作和课堂讨论中展现出的团队合作、沟通交流等

能力进行评价；还可以在课堂教学中引入相关的案

例分析和思政教育话题，通过讨论和互动的方式引

导学生思考并表达自己的观点。通过这些讨论和案

例分析，评价学生的思想品德和社会责任感。

其次，建立学生与教师之间的双向反馈机制，

鼓励学生提出对思政教育的反馈意见和建议，同时

教师也应及时关注学生的思想动态和学习状态，做

好个性化的辅导和指导工作。

最后，综合运用定性和定量评价方法，对学生

的思政素养进行全面评估。

通过以上措施，可以在现有的教学评价体系中

有效地融入对学生的思政考核，全面推进物理化学

实验课程思政建设，增强教学效果 [6]。

2  挖掘思政映射与融入点

课程思政不是将课程和思政简单结合，而是需

要根据具体课程的特点，精准地提取适宜的思政元

素，并以恰当的方式将其融入教学过程。

2.1  思政元素的挖掘

目前，中心已经开设八个经典的物理化学实验

项目。针对每个实验项目的独特性，详细整理相应

的思政元素，具体内容如表 1所示。

2.2  思政元素融入方式

探索多种思政元素融入方式，包括引导性问题

设计、案例分析、探究式学习、项目实践等。这些

方式可以有效地促进课程思政建设，让学生不仅能

够掌握专业知识，还能够全面发展，增强社会责任

感。例如，在“排水集气法测定过氧化氢催化分解

反应的速率常数”实验中，过氧化氢在没有催化剂

存在时，分解反应进行得很慢，但在碘化钾的催化

作用下能够加快反应进程，但是不能改变反应产物。

教师可以以提问的方式引导学生通过内因与外因的

辩证关系解释此现象。内因是指反应本身的特性和

性质，外因则是指外部引入的影响因素，如催化剂。

在这个例子中，催化剂的引入改变了反应的外部条

件，从而影响了反应的速率，但并不改变反应的最

终产物。过氧化氢分解反应的进行受到内在的化学

性质和能量要求的制约，未经催化剂作用时，反应

速率较慢，这是由于分解过程中键的断裂需要消耗

较大的能量，反应需要克服较高的活化能才能发生。

碘化钾作为催化剂引入后，改变了反应的进程，提

供了新的反应路径，使得反应的活化能降低。这样

原本需要大量能量才能发生的反应，通过催化作用

可以更容易地进行 [7]。

通过内因与外因的辩证关系解释这个例子，可

以更清晰地理解催化剂在化学反应中的作用。在实

验介绍时，教师可以为学生讲授我国老一辈科学家

不求名利、潜心科研，为国家和社会的发展作出巨

大贡献的事迹。例如，杰出科学家、教育家卢永根

院士以不屈不挠的奋斗精神，将爱国奋斗的理念贯

穿教学科研全过程，致力于水稻遗传育种研究，在

半个多世纪的时间里，率领团队培育出 33 个作物

新品种，推广种植面积 1 000 万亩以上，使之成为

我国水稻种质资源的重要宝库之一，为国家农业发

展和农业教育作出突出的贡献，表现出对党和国家

的忠诚与对教育事业的深厚情怀。

运而生，如慕课、微课、虚拟仿真教学等，这些教

学手段提供了更加便捷和灵活的学习途径，满足了

学生个性化的学习需求，有利于学生产生情感共鸣，

进而增强课程思政效果。中心搭建了线上实验教学

平台，旨在为学生提供更为便捷、灵活的学习环境

以及丰富的学习资源和支持。学生还可以将每次实

验课后的心得体会上传至平台，便于教师根据学生

的心得体会及时了解学生在物理化学实验学习中的

思想动态，不断优化课程思政的实施策略，提高思

政教育工作的针对性和科学化水平，进一步促进课

程思政目标的实现。

1.4  建立健全评价机制

首先，重新审视现有的评价指标和权重分配，

将德育考核纳入其中。增加对学生思想品德、社会

责任感、团队合作精神等方面的评价指标，并适当

提高其在评价体系中的权重，在平时表现、实验报

告和期末考试中增加对学生思政素养的评价内容。
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总之，教师需要积极探索，挖掘物理化学实验

课程中所蕴含的思想价值和精神内涵，结合实验教

学内容寻找思政元素的融入点，注重启发性教育，

以“润物细无声”的方式将思政教育潜移默化地融

入物理化学实验教学。教师还应该积极组织并鼓励

学生踊跃参加物理化学实验竞赛，依托竞赛提升学

生的物理化学知识综合应用能力，提升学生的实践

操作技能，并引导学生领会关于科技强国的重要精

神，将个人理想追求升华到国家富强与民族复兴的

层面，为实现中华民族伟大复兴的中国梦贡献力量。

同时，中心建立“东区基础化学实验室”微信公众

平台，发布前沿热点化学信息、实验室安全和我国

杰出化学家事迹等内容，提升学生的思政素养 [8]。

3  结束语

在“双一流”建设背景下，课程思政建设在物

理化学实验教学改革中十分必要。本文以思政团队

建设、教学大纲完善、教学方法与手段选择、评价

体系优化等四个方面进行物理化学实验课程思政建

设的探，同时强调教师需要深入挖掘物理化学实验

教学中蕴含的思政元素，不断优化完善思政元素在

物理化学实验教学中的多角度融入，将专业教学与

思政教育融为一体，让学生在掌握专业知识的同时

接受思政教育，有效培养学生的爱国情怀、团队精

神、科研精神、创新精神、环保意识、安全意识、

自主学习意识和综合全面发展意识等，成为对国家、

对社会有用的创新型人才。
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表 1  物理化学实验内容中的思政元素

实验名称 思政元素简介

Fe(OH)3 溶胶的

制备与纯化实验

通过讨论铁离子在环境中的来源，引导学生思考资源合理利用和环境保护的重要性，培养学生的环

保意识。引导学生思考实验过程中的安全问题，让他们了解实验操作的规范性和安全意识

界面电泳法测定溶

胶的电动电势实验

探讨电泳技术在生物医学领域的应用，引导学生思考科学技术对社会发展的影响，培养他们的科研

精神和创新意识。引导学生思考数据分析的重要性，培养他们的逻辑思维和判断能力

动态法测定液体的

饱和蒸气压

引导学生思考液体蒸发与大气污染的关系，培养他们的环保意识和责任感。通过实验过程中对仪器

操作的规范性要求，培养学生的安全意识和团队精神

电导法测定弱电解

质的离解常数

探讨离解常数与溶解度的关系，引导学生思考溶解过程中离子的释放与水资源的合理利用。引导学

生思考科学研究对解决社会问题的意义，培养学生的社会责任感和爱国情怀

旋光法测定蔗糖转

化反应的速率常数

探讨光学活性物质在药物制备中的应用，引导学生思考科技创新对医疗事业的贡献，培养学生的创

新意识和科研精神。引导学生思考研究数据的可靠性与结果的解释，培养学生的批判性思维能力和独

立思考能力

排水集气法测定

过氧化氢催化分解

反应的速率常数

探讨催化剂在环境保护和能源利用中的重要作用，引导学生思考科技创新对社会可持续发展的推动

作用，培养学生的创新意识和环保意识。引导学生思考数据处理的方法和结果的解释，培养学生的逻

辑思维能力和批判性思维能力

对消法测定电池

电动势

将实验内容与领悟习近平生态文明思想，理解和关心“双碳”战略、国家能源安全、环境保护、可

持续发展和人民生命健康，体现“面向世界科技前沿、面向经济主战场、面向国家重大需求、面向人

民生命健康”的要求紧密衔接，引导学生树立节约资源、保护环境的理念

最大泡压法测定

溶液的表面张力

通过讲解表面张力在农业生产中的广泛应用，引出物理化学的实用性，增强学生的学习动力，例如：

在农药和肥料喷洒方面，表面张力会影响液体在叶片表面的铺展程度；表面张力还被用于灌溉系统的

设计等

自主学习意识和综合全面发展意识等，成为对国家、

[1] 孙晓环 ,韩杰 .“双一流”高校建设背景下物理化学基

    础实验教学改革研究[J].广东化工,2021,48(17):268,

[2] 廖颖敏,马嫱,查晓松,等.“双一流”背景下化学基础

    实验课程思政建设的探索[J].广州化工,2021,49(24):

[3] 孙越,郝强,周禹希.“双一流”背景下大学生科研创新

    能力的培养:以物理化学实验教学为例[J].辽宁师范大

    学学报（自然科学版）,2021,44(1):52-56.

[4] 张杰.物理化学和物理化学实验课程思政元素的探索研
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应用，新疆北部中职教育的培养目标和教学内容发

生了较大变化。近年来，我国教育信息化已从1.0迈

向 2.0，中职教育在信息化层面也进入融合创新的阶

段，未来的发展重点在于要实现信息化与中职教育

的深度融合、实现虚拟平台与现实世界的动态融合、

实现现代化意义上的校企融合等，以教育信息化的

不断推进助力智慧校园建设，以智慧课堂、线上线

下相结合的教学模式打破传统教学模式的桎梏，以

虚拟现实技术推动互动远程教学模式的发展，重点

解决难以直观化、受限于教学实验设备的问题，真

正使中职教育适应数字经济时代的发展需求，切实

将时代赋予中职教育的重任挑在肩上、落在实处[4]。

3.3  提升新疆北部中职教育的人才竞争力

当今社会对中职教育所培养的人才要求越来越

高。为了更好地适应市场需求，新疆北部中职教育

需要提高人才培养质量，助力学生成为更具竞争力

的人才。对于如何培养更多的高技能人才，国家明

确指出，要进一步促进产教融合和校企合作，要以

产业优化升级和技术改造为主要发展方向，促进教

育链、产业链、创新链和人才链之间的有效衔接，

从而吸引更多年轻人接受职业化的技能型、应用型

教育。例如，在大数据和智能制造领域，新技术的

应用可以帮助中职教育更好地引导学生掌握相关技

能，从而增强毕业生的就业竞争力。应用新技术可

以为中职教育提供更好的平台和机会，促进学生创

新能力和实践能力的培养 [5]。

4  结束语

在数字科技重塑全球经济与产业格局这一大背

景下，智慧化发展无疑是中职教育发展的高端形态。

当然，新技术在新疆北部中职教育领域的应用需要

不断地探索和完善，既要积极思考发挥技术优势，

又要规避技术弊端，从而推动新疆北部中职教育高

质量发展。
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Preparation of lithium ferromanganese phosphate by 
non-stoichiometric strategy 
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A R T I C L E  I N F O   
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A B S T R A C T   

LixFexMn1-xPO4 exhibits low production costs, environmental friendliness, high energy density, thermal stability, 
and cycling stability in lithium-ion batteries (LIBs), presenting broad application prospects. Furthermore, studies 
have shown that adopting a non-stoichiometric ratio strategy can reduce particle size, decrease anti-site defects, 
and generate a conductive impurity phase on the material surface. This leads to an enhancement in the elec
trochemical performance of the material, making it an effective approach to achieving high-performance olivine- 
type cathode materials. In this study, three materials were successfully prepared using the solid-phase method: 
Li1.05Fe0.5Mn0.475PO4/C, Li1.05Fe0.5Mn0.5PO4/C, and Li1.05Fe0.475Mn0.5PO4/C. The physical properties of the 
materials were characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM), and 
scanning electron microscopy (SEM). The electrochemical performance including specific capacity, rate per
formance, and cycling performance were studied through charge-discharge tests, with Li1.05Fe0.5Mn0.475PO4/C 
exhibiting the best specific capacity at all rates. At rates of 0.1 C, 0.5 C, 1 C, 2 C, and 5 C, its average reversible 
specific capacities were 143.5, 129.5, 122.1, 112.8, and 97.3 mAh⋅g− 1, respectively. Furthermore, differences in 
electrochemical performance of three materials were discussed in detail through cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS).   

1. Introduction 

LiMPO4 (M = Fe, Mn, MnyFe1− y, Co, Ni, V) materials have become 
the most commercially valuable cathode materials for lithium-ion bat
teries due to their characteristics of non-toxicity, pollution-free, good 
safety, wide availability of raw materials, low cost, and long lifespan [1]. 
The LiFexMn1− xPO4 (0 < x < 1) solid solution material utilizes the 
synergistic effect of iron and manganese elements, combining the higher 
conductivity of LiFePO4 with the higher voltage platform of LiMnPO4 
[2], thus exhibiting high competitiveness in LIBs cathode materials. The 
high-temperature solid-phase method, with its simple process, low cost, 
and high yield, has become one of the most commonly used methods for 
industrial-scale production of LiFexMn1− xPO4 materials. 

However, olivine-structured phosphate compounds themselves have 
some inherent drawbacks, such as lower electron conductivity and one- 
dimensional slow lithium-ion diffusion rate, which limit the electro
chemical performance of LiFexMn1− xPO4 materials and further appli
cations. Researchers have designed many effective modification 
strategies through extensive experimental studies, including 

nanoparticle size reduction, coating with conductive materials, ion 
doping, and material structure design and morphology control [3]. 
Meanwhile, through the study of LiFePO4, it has been found that the 
design of non-stoichiometric ratios can effectively enhance the electro
chemical performance of the materials [4]. However, current research 
on non-stoichiometric LiFexMn1− xPO4 materials remains relatively 
limited. Based on our research on LiFe0.5Mn0.5PO4 materials [5], we aim 
to investigate the influence of non-stoichiometry on the electrochemical 
properties of LixFexMn1-xPO4 materials. We adopted a solid-phase 
method conducive to industrial production to prepare a series of 
non-stoichiometric LixFexMn1-xPO4 samples with carbon coating build
ing upon previous methodologies. Subsequently, we analyzed the in
fluence of non-stoichiometric design on the material’s phase 
composition, morphological structure, and electrochemical 
performance. 
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2. Experimental section 

2.1. Chemical reactants 

LiH2PO4 (AR), MnCO3 (AR), FeC2O4⋅2 H2O (AR), Li2CO3 (AR), 
polyvinyl alcohol (AR), oleic acid (AR), sucrose (AR) were purchased 
from Aladdin Reagent (Shanghai) Co., Ltd. The above reagents were 
used directly without purification. 

2.2. Preparation of LixFexMn1-xPO4 samples 

The LixFexMn1-xPO4 samples were synthesized by a ball-milling 
solid-state route assisted with surfactant agent (oleic acid). In a gen
eral experiment: 1.5 mL of oleic acid was dissolved into 30 mL of ethanol 
firstly. Then LiH2PO4, FeC2O4⋅2 H2O, MnCO3, and Li2CO3 were weighed 
in a molar ratio of 0.2:0.1:0.1:0.01, respectively. And an equal quantity 
of sucrose and polyvinyl alcohol (used as carbon sources) were added 
into the ethanol solution. After ball milling for 8 h under the rate of 
400 rpm, the final mixture in ultrafine powder obtained from decanta
tion/filtration was dried by vacuum at 60 ℃ and transferred into a tube 
furnace. Finally, the ultrafine powder was heated to 420 ℃ with a 
heating rate of 5 ℃⋅min− 1 and maintained for another 1 h at this tem
perature in an Ar atmosphere. After that, the calcination temperature 
was increased to 650 ℃ using the same heating rate and remained for 
8 h to achieve the Li1.05Fe0.5Mn0.5PO4/C sample. Specifically, altering 
the molar ratio to 0.2:0.095:0.1:0.01 and 0.2:0.1:0.095:0.01 achieved 
the Li1.05Fe0.475Mn0.5PO4/C and Li1.05Fe0.5Mn0.475PO4/C samples, 
respectively. 

2.3. Characterizations 

XRD patterns of the as-prepared samples were tested on a Bruker D8 
ADVANCE diffractometer, using a Cu Kα radiation source (λ =

1.5406 Å). The Raman spectrum was performed on a Bio-Rad FTS6000 
Raman spectroscopy with a 532 nm blue laser beam. Particle sizes, 
morphologies, and crystal structures of the as-prepared samples were 
observed by Zeiss field-emission SEM. The thickness of the carbon layer 
on the surface was determined using a JEOL-2100 TEM. N2 adsorption/ 
desorption isotherms were determined by Brunauer–Emmett–Teller 
(BET) measurement using a BeiShiDe 3 H-2000PS1 surface area analyzer 
at the temperature of 77 K. The pore size distribution (PSD) was 
calculated from the adsorption branch of the pore size distribution curve 
obtained via the Barrett–Joyner–Halenda (BJH) method. 

2.4. Electrochemical measurements 

To evaluate the electrochemical performance of the LixFexMn1-xPO4 
samples, electrodes were prepared by mixing 80 wt% LixFexMn1-xPO4, 

10 wt % acetylene black, and 10 wt % polyvinylidene fluoride (PVDF) on 
an aluminum foil using a tape-casting technique. Coin cells (CR2025) 
were assembled with the LixFexMn1-xPO4 electrode as the cathode and 
lithium metal foil as the anode. The electrolyte used was a 1.0 M LiPF6 
solution in ethylene carbonate/ethylene methyl carbonate (EC-EMC =
1:1 v/v), and Celgard 2500 was employed as the separator within an Ar- 
filled glove box. Each electrode was loaded with approximately 
2.5 mg⋅cm− 2 of the LixFexMn1-xPO4 composite. The cells underwent 
cycling between 2.0 and 4.5 V vs. Li/Li+ at various current densities 
using a multichannel battery test system (NEWARE CT-3008 W) with a 
constant-current (CC-) protocol. Specific capacity calculations were 
conducted based on the total mass of the LixFexMn1-xPO4 composite. 

CV measurements were performed using an electrochemical work
station (CHI 760D) at various sweep rates ranging from 2.0 to 4.5 V vs. 
Li/Li+. EIS data were acquired from coin cells subjected to a specific 
number of cycles using a CHI 760D electrochemical workstation at room 
temperature, with a 10 mV excitation potential and frequencies ranging 
from 100 kHz to 10 mHz. Impedance spectra were analyzed using an 
equivalent circuit (as depicted in the inset figure). These spectra 
exhibited a minor intercept in the high-frequency range, a semicircle at 
high-to-medium frequencies, and a sloping line in the low-frequency 
range. The high-frequency intercept represented the uncompensated 
resistance (Rs), which includes electrolyte resistance, particle-particle 
contact resistance, and resistance between the electrode and current 
collector [6]. The semicircle at high-to-medium frequencies was 
ascribed to charge transfer resistances (Rct) at the electrode/electrolyte 
interface [7]. Meanwhile, the inclined line in the low-frequency region 
corresponded to the Warburg impedance (Wo), which indicates lithium 
ion diffusion within the electrodes [8]. 

3. Results and discussion 

Fig. 1a illustrates the XRD patterns of the three samples, all of which 
exhibit diffraction peaks aligned with the standard card PDF#42–0580, 
corresponding to the orthorhombic pnmb space group. Impurity peaks 
attributed to Li3PO4 are detected within the 2θ range of 22◦to 24◦ for all 
samples, with the lowest intensity observed in Li1.05Fe0.5Mn0.475PO4/C, 
indicating relatively lower impurity content in this sample. The Raman 
spectra, depicted in Fig. 1b, reveals a faint absorption peak at 948 cm− 1, 
attributed to the characteristic absorption of PO4

3-, suggesting a suffi
ciently thin surface carbon layer to permit light penetration. Notably, 
two prominent absorption peaks at 1340 and 1600 cm− 1 correspond to 
the D and G bands of amorphous carbon, respectively. The ratio of the 
intensities of these bands (ID/IG) serves as an indicator of the degree of 
graphitization of the carbon layer, with lower ID/IG ratios indicative of 
enhanced graphitization and improved material conductivity [9]. Spe
cifically, the ID/IG values for the Li1.05Fe0.5Mn0.5PO4/C, Li1.05Fe0.475

Mn0.5PO4/C, and Li1.05Fe0.5Mn0.475PO4/C materials are 0.867, 0.858, 

Fig. 1. (a) XRD patterns and (b) Raman spectra of Li1.05Fe0.5Mn0.5PO4/C, Li1.05Fe0.475Mn0.5PO4/C and Li1.05Fe0.5Mn0.475PO4/C samples.  
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and 0.831, respectively, suggesting that the Li1.05Fe0.5Mn0.475PO4/C 
material exhibits the highest conductivity among the three samples. 

Fig. 2 illustrates the SEM images of three samples. All three samples 
consist of primary particles aggregating to form secondary particles with 
a broad size distribution. In Li1.05Fe0.5Mn0.5PO4/C and Li1.05Fe0.475

Mn0.5PO4/C samples, there are numerous small particles resulting in a 
noticeable increase in particle size for both samples. In contrast, the 
surface of Li1.05Fe0.475Mn0.5PO4/C appears smoother but exhibits more 
severe cross-linking, resulting in an increase in average particle size. The 
morphology of Li1.05Fe0.5Mn0.475PO4/C is markedly different, with 
smooth surface exhibiting polyhedral shapes, smaller size, and a more 
uniform distribution. The mechanism behind the morphological changes 
of Li1.05Fe0.5Mn0.475PO4/C remains unclear. However, maintaining the 
total valence of cations unchanged, and appropriately reducing the Mn 
content might be a strategy for modulating the morphology of material. 
TEM images (Fig. 3) reveal that the surfaces of Li1.05Fe0.5Mn0.475PO4/C 
are covered with a carbon coating layer of ~ 2 nm thickness. This carbon 
layer prevents direct contact between the electrolyte and the active 
material, thereby enhancing the conductivity of the material. 

The ICP-OES testing was conducted on Li1.05Fe0.5Mn0.475PO4/C to 

ascertain the actual content of each constituent element. The results 
(Table 1) indicate that the Li, Fe, and Mn content aligns closely with 
theoretical expectations. 

Fig. 4 illustrates the nitrogen adsorption-desorption curves and pore 
size distribution of the three materials, three samples all exhibit hys
teresis loops of type H3, which are indicative of Type IV adsorption 
isotherms. The BJH pore size distribution tests reveal similar pore size 
distributions for three samples, primarily ranging from 3 to 50 nm. BET 
analysis indicates that the specific surface areas of Li1.05Fe0.5Mn0.5PO4/ 
C, Li1.05Fe0.475Mn0.5PO4/C and Li1.05Fe0.5Mn0.475PO4/C are 30.03, 
27.69, and 30.45 m2⋅g− 1, respectively. The specific surface area of 
LiFexMn1− xPO4 materials is directly correlated with carbon content and 
particle size, significantly influencing the electrochemical performance 
of the materials. Elemental analysis confirms that all three materials 
have similar carbon contents. SEM observations, however, reveal that 
the particle size of Li1.05Fe0.5Mn0.475PO4/C is noticeably smaller with a 
more regular morphology. Results calculated using Jade software also 
demonstrate that Li1.05Fe0.5Mn0.475PO4/C has the smallest average 
particle size, which explains the slight increase in specific surface area 
observed in this sample. The increased specific surface area provides 

Fig. 2. SEM images of (a,b) Li1.05Fe0.5Mn0.5PO4/C, (c,d) Li1.05Fe0.475Mn0.5PO4/C and (e,f) Li1.05Fe0.5Mn0.475PO4/C.  
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more active sites for electrochemical reactions, thereby enhancing 
electrochemical reactivity. Subsequent electrochemical tests further 
confirm that Li1.05Fe0.5Mn0.475PO4/C exhibits optimal electrochemical 
performance. 

Fig. 5a displays the CV curves of the Li1.05Fe0.5Mn0.5PO4/C, 
Li1.05Fe0.475Mn0.5PO4/C and Li1.05Fe0.5Mn0.475PO4/C electrodes at a 
scan rate of 0.1 mV⋅s− 1 under the potential range from 2.0 to 4.5 V vs. 
Li/Li+. The Li1.05Fe0.5Mn0.475PO4/C shows the strongest Fe3+/Fe2+ and 

Fig. 3. TEM images of Li1.05Fe0.5Mn0.475PO4/C.  

Table 1 
ICP-OES test results for Li1.05Fe0.5Mn0.475PO4/C.  

Sample Mass ratio % Atomic ratio % 

Li Fe Mn Li/Fe/Mn 

Li1.05Fe0.5Mn0.475PO4/C  4.54  16.92  15.84 2.151:1:0.952  

Fig. 4. Nitrogen isotherm sorption curve (a-c) and the pore size distribution (d) of all three samples.  
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Mn3+/Mn2+ redox couples, which are well-distinguished. Furthermore, 
the smallest voltage difference between the oxidation and reduction 
peaks suggests that the Li1.05Fe0.5Mn0.475PO4/C sample possesses the 

fastest kinetics for Li+ de-intercalation/intercalation processes among 
these three samples. And the first three CV tests at a scan rate of 
0.1 mV⋅s− 1 are conducted on Li1.05Fe0.5Mn0.475PO4/C (Fig. 5f). The peak 
current was strongest during the first cycle, but slightly decreased in the 
second cycle. 

The first cycle showed the strongest peak current, while the second 
cycle slightly decreased. However, in the third cycle, the peak current 
gradually approached the level of the first cycle, and polarization 
gradually decreased, which is consistent with the charging and dis
charging test results. The reason for the increase in polarization is that 
the Li+ diffusion rate and electron transfer rate have not reached a 
balance, making it impossible to maintain effective charging and dis
charging currents [10]. As displayed in Fig. 5b, Li1.05Fe0.5Mn0.475PO4/C 
exhibits a specific discharge capacity of 143.5 mAh⋅g− 1 at 0.1 C rate, 
with a high coulombic efficiency (CE) of 93.7 % in the first cycle. 

Fig. 5. Comparisons of (a) CVs at a scan rate of 0.1 mV⋅s− 1, (b) charge–discharge curves at 0.1 C, (c) Impedance spectra, (d) the rate performance at different C-rates 
and (e) cycling performance for three samples, and (f) first three cycles CVs at a scan rate of 0.1 mV⋅s− 1 of Li1.05Fe0.5Mn0.475PO4/C. 

Table 2 
Comparisons of the rate performance of the state-of-the-art LiFe0.5Mn0.5PO4 
cathode materials.  

Sample Rate performance Ref. 

LiFe0.5Mn0.5PO4/C 0.1 C: 138, 1 C: 99, 5 C: 80 mAh⋅g− 1 [11] 
0.1 C: 121, 2 C: 110 mAh⋅g− 1 [12] 
0.15 C: ~110, 1 C: ~87 mAh⋅g− 1 [13] 
0.5 C: 133, 1 C: 129, 2 C: 116 mAh⋅g− 1 [14] 
0.1 C: 130, 0.5 C: 85 mAh⋅g− 1 [15] 
0.1 C: 116, 1 C: 79, 2 C: 69 mAh⋅g− 1 [16] 
0.1 C: 143, 1 C: 130, 5 C: 97 mAh⋅g− 1 This work  
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Moreover, it presents a specific discharge capacity of 112.8 mAh⋅g− 1 at 
2.0 C rate.The favorable Li+ de-intercalation/intercalation behavior of 
Li1.05Fe0.5Mn0.475PO4/C is also demonstrated by the highest specific 
capacity, the best rate performance and the lowest charge transfer 
resistance, as shown in Fig. 5b, c and d, respectively. Comparisons of the 
rate performance of the state-of-the-art LiFe0.5Mn0.5PO4 cathode mate
rials as shown in Table 2, it is found that Li1.05Fe0.5Mn0.475PO4/C ex
hibits a superior rate capability. The cycle performance of 
Li1.05Fe0.5Mn0.475PO4/C at 1 C rate is shown in Fig. 5e, with the initial 
specific discharge capacities of 119.6 mAh⋅g− 1. After 150 cycles, it ex
hibits almost no capacity decay, with the capacity retention of > 99.9 %. 

A series of CVs recorded from different sweeping rates 
(0.1–1.0 mV⋅s− 1) between 2.0 and 4.5 V for three samples are shown in  
Fig. 6a, b and c. It is found that the reduction and oxidation peak po
tentials in the CV profiles shift toward lower and higher voltages with 
the increase of the sweeping rate, respectively, with the separation po
tentials between the anodic and cathodic peaks enhanced in the mean
time. Moreover, the peak current (Ip) increases with the raised sweeping 
rate, exhibiting a well linear relationship with the square root of the 
scanning rate (v1/2), as shown in Figs. 6d, e and f. Based on the Randles 
Sevcik equation of Ip = (2.69 × 105)ACLi DLi

1/2 n2/3 v1/2 [17] [where Ip is 
the peak current value (A), A is the effective working electrode area 
(cm2), CLi is the shuttle concentration of Li ions (mol⋅cm− 3), v is the 
potential sweeping rate (V⋅s− 1) and DLi is the diffusion coefficient 
(cm2⋅s− 1)], the calculated Li+ diffusion coefficients are summarized in  
Table 3. This relationship indicates that the Li+ insertion/extraction in 

Li1.05Fe0.5Mn0.475PO4/C is a typical diffusion-controlled process, and the 
diffusion coefficients for the four peaks range from 1.94 × 10− 11 to 7.95 
× 10− 11 cm2⋅s− 1. The superior Li+ diffusion coefficients could be 
ascribed to the enhanced contact area of Li1.05Fe0.5Mn0.475PO4/C with 
the electrolyte and the reduced Li+ diffusion distance, as described and 
analyzed in the XRD, BET, SEM and TEM sections. 

4. Conclusion 

In conclusion, this study employed a non-stoichiometric design to 
ensure the constant total valence of three metal elements, Li, Fe, and Mn, 
and investigated the modification of LFMP cathode material using the 
solid-phase method. By exploring various non-stoichiometric ap
proaches, it was observed that particles of Li1.05Fe0.5Mn0.5PO4/C and 
Li1.05Fe0.475Mn0.5PO4/C exhibited block-like structures with signifi
cantly increased dimensions and severe inter-particle crosslinking. XRD 
analysis revealed elongation of lithium ion one-dimensional diffusion 
pathways in both cases, accompanied by higher Li3PO4 content, leading 
to increased charge transfer impedance and decreased specific capacity. 
BET analysis indicated that Li1.05Fe0.475Mn0.5PO4/C possessed the 
smallest specific surface area (27.69 m2⋅g− 1), resulting in reduced active 
reaction sites. Electrochemical tests demonstrated excellent discharge 
specific capacity and cycling performance of Li1.05Fe0.5Mn0.475PO4/C. 
The initial discharge specific capacities at 0.1 C and 5.0 C rates reached 
146.7 and 96.8 mAh⋅g− 1, respectively, while the capacity retention rate 
remained at 99.8 % after 150 cycles at 1.0 C rate. These findings suggest 

Fig. 6. The CVs at different scan rates and the plots of the peak current (Ip) as a function of the square root of the scanning rate (v1/2) for the coin cell made with (a,d) 
Li1.05Fe0.5Mn0.5PO4/C, (b,e) Li1.05Fe0.475Mn0.5PO4/C and (c,d) Li1.05Fe0.5Mn0.475PO4/C composites. 

Table 3 
Summary of the CV results obtained at different scanning rates and the Li+ diffusion coefficients (DLi+) determined for three electrodes.  

peak element DLi
+(cm2⋅s− 1) 

Li1.05Fe0.5Mn0.5PO4/C Li1.05Fe0.475Mn0.5PO4/C Li1.05Fe0.5Mn0.475PO4/C 

Anode Fe 3.442×10− 11 2.751×10− 11 7.949×10− 11 

Mn 1.674×10− 11 1.106×10− 11 1.942×10− 11 

Cathode Fe 2.368×10− 11 1.860×10− 11 5.203×10− 11 

Mn 2.552×10− 11 1.298×10− 11 2.966×10− 11  
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that the synthesis of Li1.05Fe0.5Mn0.475PO4/C using non-stoichiometric 
methods facilitates better control over impurity phase content, particle 
size, and morphology, thus optimizing the electrochemical performance 
of the material. 
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